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ABSTRACT: A new matrix framework is presented in this study o {ii,;] -
for the improved ionization efficiency of complex mixtures by o - W

matrix-assisted laser desorption ionization (MALDI) mass 0 & e L -. +
5 N\, A\ [m-3H]
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spectrometry/imaging. Five nitro indole (NI) derivatives [3- .

methyl-4-nitro-1H-indole (3,4-MNI), 3-methyl-6-nitro-1H-indole T ! " o metabolites, lipids,
(3,6-MNI), 2,3-dimethyl-4-nitro-1H-indole (2,3,4-DMNI), 2,3- =« _ o e proteins, peptides,
dimethyl-6-nitro-1H-indole (2,3,6-DMNI), and 4-nitro-1H-indole \!cn R — @ » glycans, PFOS
(4-N1)] were synthesized and shown to produce both positive and { T \ { O o

negative ions with a broad class of analytes as MALDI matrices. NI
matrices were compared to several common matrices, such as 2,5-
dihydroxybenzoic acid (DHB), alpha-cyano-4-hydroxylcinnamic
acid (CHCA), sinapinic acid (SA), 1,5-diaminonaphthelene (1,5-
DAN), and 9-aminoacridine (9-AA), for the analysis of lipid,
peptide, protein, glycan, and perfluorooctanesulfonic acid (PFOS) compounds. 3,4-MNI demonstrated the best performance among
the NI matrices. This matrix resulted in reduced ion suppression and better detection sensitivity for complex mixtures, for example,
egg lipids/milk proteins/PFOS in tap water, while 2,3,6-DMNI was the best matrix for blueberry tissue imaging. Several important
aspects of this work are reported: (1) dual-polarity ion production with NI matrices and complex mixtures; (2) quantitative analysis
of PFOS with a LOQ of 0.5 ppb in tap water and 0.05 ppb in MQ water (without solid phase extraction enrichment), with accuracy
and precision within 5%; (3) MALDI imaging with 2,3,6-DMNI as a matrix for plant metabolite/lipid identification with ionization
enhancement in the negative ion mode m/z 600—900 region; and (4) development of a thin film deposition under/above tissue
method for MALDI imaging with a vacuum sublimation matrix on a high-vacuum MALDI instrument.

NI Derivatives as
Dual Polarity MALDI Matrices

H INTRODUCTION matrices for lipid analysis, including 1,8-di(piperidinyl)-
naphthalene (DPN),"" nor-harmane,'” 1,5-diaminonaphthalene
(1,5-DAN),"*'* 3-aminophthalhydrazide (luminol)," anthra-
nilic derivative COOH-NHMe (IV),'® and hydralazine."”
Indole is an electron-rich compound widely distributed in
biological systems such as proteins (amino acid tryptophan side
chain) and alkaloids.'® Some existing indole-related MALDI
matrices are trans-3-indoleacrylic acid (IAA) for polymers and
steroids;'*~*' indole-3-pyruvic acid (IPA) for peptides and
proteins;”> and 9H-pyrido[3,4-b]-indole (nor-harmane) for
lipids, proteins, peptides, carbohydrates, and synthetic poly-
12,23-26 £y - . .
mers. Nitro-containing matrices generally have a nitro
group attached to a benzene ring, such as 9-nitroanthracene (9-
NA) for polymers and organic ligands,””** 2-nitrophlorogluci-

Since its initial development in the 1980s," Matrix-assisted laser
desorption ionization mass spectrometry (MALDI MS) has
been applied to identify/detect a wide range of natural or
synthetic compounds, such as lipids,” peptides,” proteins,”
glycans,” oligonucleotides,” and polymers.” MALDI matrix
molecules absorb photons and transfer energy to the analyte and
assist with analyte desorption and ionization.” Analytes are
generally detected in positive ion mode as protonated, metal ion
adducted, or radical cations, or in negative ion mode as
deprotonated or radical anions.” Over the past few decades, a
large number of matrix molecules have been identified to expand
applications,”'® and discovery of matrix molecules with broad
applications for both positive and negative ions has been an
ongoing quest, to simplify matrix choices during sample
preparation and enhance target molecule detection sensitivity Received: ~ October 17, 2023
in complex mixtures. Recent research on dual-polarity MALDI Revised:  December 13, 2023
matrix molecules has focused on lipid analysis, as lipids are a Accepted: December 15, 2023
diverse family of compounds, with some ionizing better in Published: January 16, 2024
positive ion mode and some in negative ion mode.” Several

aromatic amine compounds have been reported as dual-polarity
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nol (2-NPG) for protein multiple charging,” S-nitrosalicylic
acid (5-NSA) for glycan in source decay (ISD),”” 3-hydroxy-4-
nitrobenzoic acid (3H4NBA)/3-hydroxy-2-nitrobenzoic acid
(3H2NBA) for peptide ISD,*"** and 4-nitroaniline (PNA) for
lipids.”® Nitro substituted p-carboline (nor-harmane) and
carbazole derivatives were also reported.”™*

MALDI matrix development is of continual research interest
with the aim to expand applications, improve analytical figures of
merit, and identify new molecular architecture for matrix design.
In this study, five indole derivatives [3-methyl-4-nitro-1H-
indole (3,4-MNI), 3-methyl-6-nitro-1H-indole (3,6-MNI), 2,3-
dimethyl-4-nitro-1H-indole (2,3,4-DMNI), 2,3-dimethyl-6-
nitro-1H-indole (2,3,6-DMNI), and 4-nitro-1H-indole (4-
NI)] (Figure 1) were synthesized and demonstrated for the
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Figure 1. Chemical structures of the NI matrices.

first time to function as new dual-polarity MALDI matrices with
broad applications. Analysis with standard compounds and
complex mixtures demonstrated that NI matrices effectively
detect positive and negative ions of metabolites, lipids, peptides,
proteins, glycans, oligonucleotides, polymers, and environ-
mental pollutant polyfluoroalkyl substances. The wide-range
matrix applicability helps simplify matrix choices during MALDI
MS and imaging sample preparation and enhances the detection
sensitivity in complex mixture analysis. As slight indole ring
substitution variations led to distinct matrix performance
changes, nitro indole could function as a sensitive and versatile
design platform for new matrix engineering.

B EXPERIMENTAL SECTION

Materials. Chemicals for mass spectrometry analysis:
peptide and protein calibration standards, 2,5-dihydroxybenzoic
acid (DHB), alpha-cyano-4-hydroxylcinnamic acid (CHCA),
and sinapinic acid (SA) were obtained from Bruker Daltonics
(Billerica, MA, USA). 1,5-DAN, 9-aminoacridine (9-AA), L-a-
phosphoinositols (PI) Glycine max (soy), fibrinopeptide B
(fibB), ProteoMass Cytochrome ¢ MALDI MS standard, beta-
casein (b-CN), bovine serum albumin (BSA), Lacto-N-
difucohexaose 1 (LNDFHI), perfluorooctanesulfonic acid
(PFOS), and diammonium hydrogen citrate (dahc) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Phosphocholine (PC) 16:0/16:0, phosphoethanolamine (PE)
16:0/18:1, and phosphatidate (PA) 16:0/18:1 were purchased
from Avanti Polar Lipids (Alabaster, AL, USA). Eggs, bovine
vitamin D whole milk, and frozen organic blueberries were
purchased from a local grocery. All the other reagents, solvents,
and salts were obtained from VWR International (Radnor, PA,
USA).
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Synthesis and Characterization. 3,4-MNI, 3,6-MNI,
2,3,4-DMN], 2,3,6-DMNI, and 4-NI (Figure 1) were synthe-
sized following ref 36. 'H nuclear magnetic resonance
spectroscopy (NMR) was performed on a Bruker DRX 400
MHz instrument, and high-resolution electrospray ionization
(ESI) mass spectra were acquired on a Waters Xevo G2-XS Qtof
mass spectrometer. The UV—vis spectra were recorded with a
VWR UV-3100PC spectrophotometer.

Sample Preparation. Matrix Performance with Standard
Compounds. The detection sensitivity test standards include
PC 16:0/16:0, PE 16:0/18:1, and PA 16:0/18:1 at 10, 1, 0.1,
0.01 0.001 M in methanol, PI Glycine max at 10, 1, 0.1, 0.01
0.001 ppm in methanol, fibB at 10, 1, 0.1, 0.01 0.001 zM in Milli-
Q (MQ) water, BSA and b-CN at 10, 1, 0.1, 0.01 0.001 zM in $
mM dahc ACN/water 1/1 and in MQ water, LNDFHI at 10, 1,
0.1, 0.01 0.001 uM in MQ water, and PFOS at 10, 1, 0.1, 0.01
0.001 ppm in MQ and in tap water. 3,4-MNI, 3,6-MNI, 2,3,4-
DMNI, 2,3,6-DMNI, 4-NI, CHCA, DHB, 9-AA, 1,5-DAN, and
SA matrices were prepared at S mM in ACN/water 1/1 0.1%
TFA for fibB, at 25 mM in ACN/water 1/1 0.1% TFA for BSA
and b-CN analysis, and at 1 or 5 mM in methanol for other
analysis. A 1 uL portion of matrix was applied onto a Bruker
Anchorchip target and dried, followed by 1 uL of standard
solution applied on top. For BSA and b-CN protein analysis,
samples and matrix were also mixed at 1.5:5 volume ratio, with 1
uL applied to the Anchorchip target. Sample spot homogeneity
was evaluated with scanning imaging microscopy (SEM,
SU3500, Hitachi) and Epson Perfection V600 photo scanner.

PFOS Quantitation in Water and Salt Tolerance.
Calibration and verification standards were prepared in MQ
water (0, 0.05,0.1,0.5, 1,2, 5, and 10 ppb) and lab tap water (0,
0.05, 0.1,0.5, 1, 2, 5, 10, 20, and 50 ppb) with 10 ppb of *Cy—
PFOS internal standard (IS) through isotopic dilution.
Polypropylene centrifuge tubes and pipette tips were used to
prevent background PFOS contamination. A 1 4L sample of 3,4-
MNI (1 mM in methanol) was applied to an Anchorchip target
and dried. A 3 uL portion of the standard solution was applied
on top and dried. For salt tolerance study, 10 ppb PFOS solution
was prepared in tap water with 0, 100 mM, 500 mM, and 1 M
sodium chloride.

Egg Lipids Analysis. The lipid extraction followed the
literature procedure:'' 1.0 mL methanol and 0.5 mL chloroform
were added to 400 L of homogenized egg (yellow and white)
and sonicated for 5 min. After addition of 0.5 mL of water and
0.5 mL of chloroform, the mixture was sonicated again for 5 min
and centrifuged for 10 min at 7000 rpm, and the organic phase
layer at the bottom was collected. 50 mM DHB, 1,5-DAN, 9-AA,
and NI matrices in methanol was mixed with lipid extract 2:1 v/
v, with 1 uL applied to a Bruker MTP Anchorchip target.

Milk Proteins Analysis. Bovine vitamin D whole milk was
diluted 1/100 in MQ water or S mM dahc ACN/water (1/1). A
1 uL sample of the diluted milk was spotted on Anchorchip
target and dried, with 1 L of matrix solution (25 mM in ACN/
water 1/1, 0.1% TFA) applied on top, or the sample was mixed
with matrix at 1:4 volume ratio. Tested matrix solutions included
3,4-MNI, SA, CHCA, DHB, and 1,5-DAN.

Blueberry Extract and Tissue Imaging. One thawed frozen
organic blueberry (~2 g) was crushed and sonicated in 2 mL of
methanol for 30 min. The resulting methanol solution was
centrifuged (10 min at 7000 rpm), and the supernatant was
collected. A 1 uL sample of 3,4-MNI, 3,6-MNI, 2,3,4-DMNI,
2,3,6-DMNI, 4-NI, 1,5-DAN, 9-AA, and DHB (1 or $ mM in
methanol, or 25 mM in ACN/water 1/1 0.1% TFA) was spotted
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Table 1. Detection Sensitivity Comparison of NI Matrices with Common Matrices in Positive (+) and Negative Ion (—) Mode”

Standards 3,4-MNI | 3,6-MNI ;"3":[-' f)'l\sll':\;l-l 4-NI CHCA DHB 9-AA 1,5-DAN SA
PC 16:0/16:0 (+) 0.1 0.1 0.1 1 1 0.1 1 1
PE 16:0/18:1 (-) 0.1 1 0.1 1 1 10 10 0.1 0.1 10
PA 16:0/18:1 (-) il 1 0.1 0.1 X X 10 il 10
PI Glycine Max (-) 0.1 1 0.1 0.1 0.1 1 1 1 1
Peptide FibB (+) 0.1 10 10 0.1 1 0.1
Peptide FibB (-) 0.1 1 0.1 0.1 0.1 1 10 1
Glycan LNDFHI 0.1 0.1 10 1 X 1 0.1 10 10 10
Protein BSA (+) 1 0.1 X X X 1 il X 10 1
Protein b-CN (+) 10 X X X X 10 10 X X 10
PFOS in tap water (-) 0.1 0.1 0.1 X 0.1 0.1
PFOS in water (-) X 0.1

“PFOS and PI were tested at 10, 1, 0.1, 0.01, 0.001 ppm. All other compounds were tested at 10, 1, 0.1, 0.01, 0.001 uM, and the lowest
concentration with S/N > 5 was recorded (X: S/N < 5 at examined concentrations).

onto the Anchorchip target, and 1 uL of blueberry methanol
extract was applied on top. For MALDI imaging, blueberries
were stored at —20 °C and cut into 40 pm slices with a
cryomicrotome (Tissue Tek II, Miles). The cut slices were thaw-
mounted onto an ITO slide presprayed with 10 mM 2,3,6-MNI
in methanol (3 X 1 mL to cover the whole ITO slide) using a
Testors Aztek airbrush. The resulting tissue-mounted slide was
dried in a desiccator for 30 min and subsequently stored at —20
°C in a sealed container. Prior to the imaging experiment, 1 mL
of 10 mM 2,3,6-MNI in methanol was sprayed over the
blueberry tissue area. For airbrush spray, the compressed air
pressure was 20 psi, and the distance between the slide and the
sprayer tip was ~1S cm. Phosphorus red water suspension (1
uL) was applied on a control blueberry tissue of the same cut on
the same ITO slide for mass calibration.

Matrix Vacuum Stability Measurements. The vacuum
stability of NI matrices was measured in air using a quartz crystal
microbalance (QCM). Briefly, 10 4L of a SO mM matrix solution
in ACN/water (85/15) was applied onto the gold-coated
surface of a quartz crystal electrode and dried. The crystals were
secured between two stainless steel plates (top plate with
cutouts, connected with screws) fitted to a MALDI imaging slide
holder and placed in the MALDI vacuum chamber. QCM
oscillation frequencies were measured without matrix (f0), with
matrix deposition before vacuum (fl), and with matrix
deposition after 4 h vacuum (f2). The deposited matrix masses
(a sum of matrix and residual solvents) were calculated by (f0 —
f1) Hz X 20 ng/Hz. The mass loss after 4 h of vacuum was
calculated by (f1 — £2) Hz X 20 ng/Hz, and the percentage of
loss was calculated by (f2 — f1)/(f0 — f1).

MALDI MS/Imaging and ESI HRMS. The MALDI MS,
collision-induced dissociation (CID, Argon collision gas 1.0 bar)
MSMS, and imaging experiments were performed on a Bruker
Daltonics rapifleX mass spectrometer equipped with a smart
beam 3D laser (355 nm Nd:YAG, >100 pJ/pulse). For matrix
comparison experiments, the MS spectra were acquired at
optimum laser power for each matrix.

MS calibrations below m/z 4000 were performed with
phosphorus red/CHCA matrix in positive and negative ion
modes, and in the range of m/z 4000—100000 positive ion mode
calibration was performed with Cytochrome ¢ and BSA protein
standards mixed with SA matrix. BSA, b-CN, and milk protein
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spectra were acquired in linear mode, and all other experiments
were acquired in reflectron mode. The acquired MS and MSMS
spectra were analyzed with flexAnalysis 4.0.

Blueberry metabolites/lipids MALDI imaging experiments
were acquired in reflectron positive and negative ion modes with
50 pm laser spot size, 51% absolute laser power in negative ion
mode, and 44% absolute laser power in positive ion mode, a
raster width of 110 gm, number of scans of 2500, and laser
frequency of 5000 shots per second. The imaging data was
acquired with Bruker flexControl 4.0 and flexImaging 5.0
software and analyzed with Bruker SCILS Lab (Version 2023a
Core). The optical images of the ITO slides were scanned with
an Epson Perfection V600 photo scanner. For blueberry
metabolites/lipids identification, MALDI TOF/TOF CID
MSMS experiments were performed on selected ions in the
extract and on tissue. ESI HRMS of the blueberry extract was
performed on a Waters Xevo G2-XS Qtof instrument and
analyzed with Masslynx 4.1 software. Metabolites’ accurate
masses and MALDI MSMS spectra were searched against
databases such as FooDB,>” HMDB,*® and LIPID MAPS.*

B RESULTS AND DISCUSSION

NI Synthesis and Characterization. NI matrices were
synthesized and purified according to the patented procedures
for modulators of ATP-binding cassette transporters.”® The
compound identity was confirmed by "H NMR chemical shifts
(in CDCl; at 298 K) and ESI HRMS (Figures S1-1 to S1-5). All
five NI matrices had efficient absorption at MALDI laser
wavelength 355 nm, and the absorbance from high to low was
Ay ovnt = 01858, Ay g v = 0.1787, Ay 4y = 0.1706, A =
0.1203, and A, ; , pymg = 0.1049. The A, 5 s pamy Az svmp and
Az 4w values were higher than the absorbance of common
matrices examined (Ag. 4 = 0.0721, Apyp = 0.0722, Ay span =
0.0773, and Ag, = 0.1468) except for CHCA (Acyca = 0.6850)
(Figure S2).

Detection Sensitivity, Homogeneity, Vacuum Stabil-
ity, and lonization Mechanism. The detection sensitivity
values of nitro indole matrices 3,4-MNI, 3,6-MNI, 2,3 4-DMN],
2,3,6-DMNI, and 4-NI were compared with common matrices
DHB, CHCA, SA, 1,5-DAN, and 9-AA for lipids (PC 16:0/16:0,
PE 16:0/18:1, PA 16:0/18:1, PI Glycine max), peptide fibB,
proteins (BSA and b-CN), glycan LNDFHI, and PFOS at
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concentration range 0.001—10 uM or ppm (Table 1, Figures S3-
1 to $3-3). (1) Lipids: 3,6-MNI and DHB had the highest
sensitivity for PC 16:0/16:0 [M + H]* and [M + Na]" cations
(0.01 uM), 4-NI, CHCA, 1,5-DAN, and SA had the lowest
sensitivity (1 M), and other matrices were intermediate (0.1
uM). 3,4-MNI], 2,3,4-DMNI, 9-AA, and 1,5-DAN were best for
PE 16:0/18:1 [M — H]™ anions (0.1 M), with CHCA, DHB,
and SA being the least sensitive (10 uM). PA 16:0/18:1 [M —
H]™ anions were detected at 0.01 uM with 9-AA; at 0.1 M with
2,3,4-DMNI and 2,3,6-DMNI; at 1 1M with 3,4-MNI, 3,6-MNI,
and 1,5-DAN; and at 10 uM with DHB and SA and was not
detected by CHCA and 4-NLI. PI Glycin max [M — H]™ anions
were detected at 0.01 ppm with 9-AA, at 0.1 ppm with 3,4-MNI,
2,3,4-DMNI, 2,3,6-DMNI, 4-N1J, and at 1 ppm with the others.
(2) Peptide/protein/glycan analysis: 3.4-MNI, CHCA, DHB,
and 1,5-DAN were the most sensitive for fibB peptide [M + H]*
cations and 3,4-MNI, 1,5-DAN most sensitive for [M — H]~
anions (0.01 uM). For BSA protein [M + H]" and [M + 2H]*
ions, 3,6-MNI was the most sensitive (0.1 uM) and 3,4-MNI,
CHCA, DHB, and SA intermediate (1 zM). 3,4-MNI, CHCA,
DHB, and SA were effective for b-CN [M + H]" and [M + 2H]**
ions (10 M), and 3,4-MNI, 3,6-MNI, and DHB were better for
the LNDFHI glycan [M + Na]* analysis (0.1 uM). (3) PFOS: in
MQ water, 3,4-MNI and 9-AA gave the best sensitivity (0.001
ppm) for the [M — H]™ anions; other NI matrices showed
similar performance as CHCA and SA (0.01 ppm), while DHB
had matrix ion interference. In complex solutions such as tap
water, 3,4-MNI, 3,6-MN], 2,3,4-DMNI, and 9-AA maintained
good sensitivity (0.01 ppm), while CHCA and SA sensitivity
dropped to 0.1 ppm. In summary, 3,4-MNI demonstrated the
best overall sensitivity for all compounds examined, while the
other NI matrices showed a high sensitivity for various
compounds. Table 1 also correlated the distinct performance
shifts of NI matrices with indole ring substitution variations,
such as with/without methyl groups and the position of the
methyl and nitro groups, indicating that the nitro indole
framework could function as a sensitive and versatile platform
for new matrix designs.

SEM and photo scanned images (Figure S4) of sample spots
on Anchorchip target demonstrated that 3,4-MNI, 3,6-MNI,
2,3,6-DMNI, and CHCA had more homogeneous and
reproducible crystalline formation compared to 2,3,4-DMNI,
4-NI, DHB, 9-AA, 1,5-DAN, and SA. The 3,4-MNI and 3,6-
MNI crystalline patterns changed dramatically based on solvent
and sample choices, indicating the efficient and versatile matrix—
sample interactions, correlating with their detection sensitivity
for a wide variety of compounds.

MALDI matrix vacuum stability information is useful for
MALDI MS and imaging experiments on high vacuum
instruments and can be measured by a semimicro analytical
balance."”*® QCM is a sensitive mass balance capable of
measurement of nanogram to microgram mass changes. The
piezoelectric thin quartz disk plated by gold electrodes oscillates
at a defined frequency under electric potential and undergoes
frequency change with addition or removal of mass (~20 ng/
Hz)."' QCM has been applied in MALDI to determine neutral
particle yield and matrix desorption as a function of elevated
temperature.”* In this study, NI matrices were spotted on
gold-plated quartz crystal electrodes, and the oscillation
frequencies were measured. The results (Table S1) show that
at 2.6 X 1077 mbar after 4 h, 3,4-MNI and 3,6-MNI were the
least stable with 76.5% and 77.8% mass loss, respectively; 4-NI
was most stable (29.5% loss), while 2,3,4-MNI (33.7% loss) and
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2,3,6-DMNI (53.2%) had an intermediate mass loss. RSD% of
three measurements seemed to correlate with the matrix
crystallization homogeneity (less surface area variation, Table
S-1, Figure SS), with RSD less than 5% for the more
homogeneous 3,4-MNI and 3,6-MNI matrix.

The effectiveness of NI MALDI matrices is related to the
structural combination of the electron-rich indole ring with C4/
C6 nitro and C2/C3 methyl substituents. The effect of methyl
and nitro substituents on indole proton affinity (PA) has been
reported.””* Among the unsubstituted indole ring positions
(N1, C2—C7, Figure 1), the C3 site has the highest proton
affinity (922.5 kJ/mol) and N1 has the lowest (866.6 kJ/mol),
which explains the well-known protonation preference of indole
at the C3 site.** Methyl substituent releases electron density and
increases PA for all positions except for the ipso one. Nitro
substituent withdraws electrons and decreases PA values for all
indole ring positions.** The sum effect is that multiple sites are
available for protonation and deprotonation, which may
contribute to the superb dual-polarity ionization efliciency of
the NI matrices.

NI matrix background ions observed included monomeric or
multimeric matrix cations and anions, such as [m + H]*, m**, [m
—H]*, [m+Na]*, [m+K]*, [2m + H]*, [2m — H]*, [3m — H]*
and [m — H]7, [m — 2H]", [m — 3H]", [2m — H]", [2m —
3H]7, [2m — SH]™, and [3m — SH]". The loss/gain of O and
loss of NO from [m — H]~, [2m — 3H] ™, and [3m — SH]™ are
related to the aromatic nitro group (Figures S6-1 to $6-5).* The
[m — H]* ions are not commonly observed in MALDI
ionization but have been reported for some secondary and
tertiary amines.””*”*® The proposed mechanisms include (1)
matrix protonation [m + HJ]* followed by loss of H,, (2)
hydrogen atom transfer from m*®, and (3) hydride abstraction
from neutral matrix molecules.”” Considering the conjugated
indole ring structure of NI, mechanism 1 seems less likely, while
mechanisms 2 and 3 are possible. Dimeric cations [2m — H]*
could be noncovalent attachment of m with [m — H]* or
protonation of the covalently linked dimer with 2H loss, [2m —
2H + H]". Anions [2m — 3H]~, [2m — SH] ™, and [3m — SH]~
could be hydrogen loss from the covalently bonded dimers or
trimers as [2m — 2H — H]~, [2m — 4H — H] ", and [3m — 4H —
H]". Solvent choices did not affect the ion species identified in
the NI matrix MS spectra, but the ACN/H,O combination
induced higher multimeric matrix ions than the methanol
solvent. Matrix radical ions were minor compared to [m + H]*/
[m+H —NOJ" or [m — H] ™, and analyte ionization may mainly
follow the matrix analyte proton transfer mechanism.”” The
presence of [m + Na]* and [m + K]* ions suggested a possible
matrix analyte cation transfer. Observed analyte ions for
standards tested in Table 1 included [M — H]~, [M + H]*,
[M + 2H]*, and [M + Na]*. Additionally, NI matrices were
tested effective for short chain oligonucleotide anions ([M —
H]S, [M — 2H + K]7, [M — 2H]*", [M — 3H + K]*") and
polymer [M + Na]* and [M + Ag]" cations (example spectra
with 3,4-MNI matrix provided in Figures S7-1, S7-2). For
proteins, ammonium salts enhanced analyte protonation by
reducing analyte sodium ion binding.

Complex Mixture Analysis. Direct PFOS Quantitation in
Tap Water. PFOS is one of the primary per- and poly fluoroalkyl
substances (PFASs) that are linked to harmful health effects and
persist in the environment (water, soil, and food chains).*”*°
PFOS quantitative analysis in complex mixtures is routinely
performed with liquid chromatography (LC)-MS/MS. With
multiple reaction monitoring (MRM) on tandem quadrupole
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instruments, the typical instrument limit of quantitation (LOQ)
is ~0.5 ppb.>"*” Lower LOQ_ can be achieved with high-
resolution (HR) MS precursor ion accurate mass, e.g., 0.05 ppb
with Qtof MS®* and 0.025 ppb (method LOQ 0.1 ppt
multiplied by SPE enrichment factor 250x) with orbitrap parallel
reaction monitoring (PRM).”* Combined with solid phase
extraction (SPE), the methods LOQ could reach ppt and sub-
ppt levels for both MRM and HRMS meathods.”*>°

Compared to the LC-MS/MS platform, MALDI MS and
imaging is an emerging technique that Opotentially allows direct
PFAS analysis in complex mixtures,”’ ~°° with additional benefits
of high throughput, minimal solvent consumption, and spatial
distribution information on tissues. The challenge is finding the
optimum matrix substances that are complex mixture-tolerant
with good sensitivity/reproducibility. PFOS MALDI MS
quantitation with 1,8-bis(tetramethylguanidino)-naphthalene®”
and desorption/ionization on porous silicon (DIOS)® as
matrices were reported for SPE-treated tap water, but direct
PFOS analysis in tap water with MALDI has not been reported
to our knowledge.

Figure 2a,b compares the 3,4-MNI MALDI PFOS calibration
curves and SEM images in MQ water versus in tap water. In MQ_

a) PFOS Calibration in MQ Water
with 10 ppb IS

b) PFOS Calibration in Tap Water
with 10 ppb IS

Peak Area Ratio
Peak Area Ratio
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Figure 2. PFOS MALDI MS quantitation acquired with 10 ppb *Cg—
PFOS IS and 3,4-MNI matrix in negative ion mode: (a) MQ water
PFOS calibration curve (0.05—10 ppb) and SEM image of the MQ
water PFOS 10 ppb sample spot; (b) tap water PFOS calibration curve
(0.5—50 ppb) and SEM image of the tap water PFOS 10 ppb sample
spot; (c) MS spectra comparison of PFOS 0.5 ppb in tap and MQ
water; (d) tap water 10 ppb PFOS [M — H]™ ion intensity comparison
with NaCl at 0, 100 mM, 500 mM, and 1M.

Intens. [a.u.]

water, six PEOS concentration levels (0.05, 0.1, 0.5, 1,2, and 10
ppb) with 10 ppb *C4—PFOS IS were spotted onto an
Anchorchip target in six replicates. Peak area ratios of PFOS [M
—H]™ m/2498.99 and 3C4,—PFOS [M — H]™ m/z 507.02 were
plotted versus their concentration ratios. For the linear range of
0.05—10 ppb, the regression coeflicients were 0.9983, the
average relative standard deviation was 5%, and the verification
concentration of S ppb had a calculated value of 4.84 ppb (3.2%
error) and an RSD of 4% (Table S2-1). In tap water, six PFOS
concentration levels (0.5, 1, 2, 10, 20, and 50 ppb) with 10 ppb
13C4—PFOS IS were spotted onto an Anchorchip target in six
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replicates. For the linear range of 0.5—50 ppb, the regression
coeflicients were 0.9982, the average relative standard deviation
was 4%, and the verification concentration of S ppb had a
calculated value of 5.25 ppb (5.0% error) and an RSD of 3%
(Table S2-2). SEM images (Figure 2a,b) revealed that 3,4-MNI
formed microscopic needle-shaped crystals over the hydrophilic
anchor areas on the Anchorchip target. This crystallization
pattern was reproducible from spots to spots in MQ water or tap
water, demonstrating efficient sample matrix interaction and
thus robust quantitative measurements.

The PFOS LOQ with 3,4-MNI in MQ water (0.05 ppb) was
superior to that in tap water (0.5 ppb) due to ion suppression in
tap water. Figure 2c showed the ion intensity difference for
PFOS of 0.5 ppb with 10 ppb IS in tap water and in MQ water.
Figure S8 compares the LOQ and zero concentration spectra.
Note that the MQ_water spectra were acquired at lower laser
power to ensure adequate peak resolution so that both PFOS
and IS ions were clearly resolved from the background noise
peaks, which was critical for accurate peak area integration. Salt
tolerance of the 3,4-MNI matrix for PFOS analysis was evaluated
by the optimum spectra comparison of 10 ppb PFOS in tap
water with 0, 100, 200, and 1 M NaCl (Figure 2d). The peak area
of m/z498.99 [M — H] ™ declined to 75% (100 mM), 35% (500
mM), and 10% (1 M) compared with no NaCl added (Figure
3b), suggesting good salt tolerance of 3,4-MNI at the medium
NaCl level (100 mM).

To summarize, direct MALDI MS analysis of PFOS in tap
water with 3,4-MNI matrix demonstrated LOQ, precision, and
accuracy comparable to standard LC-MS/MS MRM methods,
with the additional benefits of complex mixture/salt tolerance,
spped (acquisition time in seconds versus minutes per sample
with LC-MS/MS), environmentally friendliness (minimal
solvent consumption), and applicability for ppb level environ-
mental contamination and environmental engineering PFOS
analysis. PFOS analysis in MQ water had the LOQ_(0.05 ppb)
comparable to LC-MS/MS HRMS methods, which suggests
when coupled to SPE enrichment this method is applicable to
subppt level detection in drinking water. In addition, this
method is suitable for automation and high throughput as the
matrix was prespotted on a 384-spot target before sample
spotting, and automatic target movement (smart complete) was
applied during signal averaging.

Milk Protein and Egg Lipid Analysis. Milk is an important
nutritional source of lipids, proteins, amino acids, vitamins, and
minerals.®’ Proteins make up on average 3.5% of bovine milk,
with 80% caseins and 18% whey proteins. Caseins are a family of
related phosphoproteins with five types (aS1-CN, aS2-CN, b-
CN, k-CN, and g-CN) and over 50 naturally occurring variants.
Major whey proteins include beta-lactoglobin (bLG), alpha-
lactalbumin (aLA), BSA, and immunoglobulins (Igs).®* Diluted
bovine vitamin D whole milk (without the fat and cell debris
removal centrifugation step®) was chosen to evaluate 3,4-MNI
performance for proteins in complex mixtures. Figure 3a
compares the MS spectra acquired with 3,4-MNI, CHCA, 1,5-
DAN, DHB, and SA matrices in positive ion mode. The protein
ions observed were tentatively assigned based on reported milk
protein molecular weights:*> 24 KDa/12 KDa (singly/doubly
charged) as b-CN, 23.6 KDa/11.8 KDa as aS1-CN, 18 KDa/9
KDa as bLG, and 14 KDa/7 KDa as aLA. In Figure 3a and inset,
1,5-DAN and CHCA failed to detect the singly charged b-CN
ions (24 KDa), and the doubly charged ions were weak; SA and
DHB produced singly and doubly charged b-CN ions but at
weaker ion intensity compared to the 3,4-MNI matrix. 3,4-MNI
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Figure 3. Matrix comparison MALDI MS spectra for milk proteins in positive ion mode (a), egg lipids in positive (b) and negative (c) ion modes, and

blueberry extract in positive (d) and negative (e) ion mode.

showed a lower intensity of the singly charged @S1-CN ions but
a higher intensity of the doubly charged ions compared to DHB
and SA. CHCA was the most sensitive for aLA at 14 KDa/7
KDa. For the optimum detection sensitivity of all identified
protein ions, 3,4-MNI was the best choice, least affected by ion
suppression by complex milk constituents.

For lipid mixture analysis, egg lipid extract was selected to
evaluate the performance of 3,4-MNI, 3,6-MNI, 2,3,4-DMNI,
and 2,3,6-DMNI in comparison with common lipid MALDI
matrices such as 9-AA for negative ions,”* DHB for positive
ions,”” and 1,5-DAN for positive and negative dual-polarity
ions."” (4-NI was not included due to its lower detection
sensitivity for lipids in Table 1.) Sphingomyelin (SM) and PC
ions in positive and PA, PE, and PI ions in negative ion mode
were assigned based on reference reported assignmentsll’éé’67
and the MALDI TOF/TOF CID MSMS spectra (Table S3,
Figures S9-1 to S9-7) in reference to general lipid MSMS
fragmentation patterns.ég_72 Snl and Sn2 positions were not
specified in the assignments as the ion abundance ratio is
dependent on the headgroup, fatty acyl identity, and instrument
conditions.”””* The egg lipid MALDI MS spectra matrix
comparison (Figure 3b,c) demonstrated that 3,4-MNI, 3,6-
MNI], 2,3,4-DMNI, and 2,3,6-DMNI all functioned as effective
dual-polarity ion matrices, and 3,4-MNI had the best overall
performance for positive and negative ions.

Blueberry Metabolites/Lipids Tissue Imaging. MALDI
imaging is an emerging tool to visualize the distribution of a
wide variety of plant metabolites across organs and tissues,” >’
which is intrinsically challenging due to chemical complexity and
potential ion suppression on tissues. DHB matrix has been
applied to positive ion plant metabolites imaging, e.g.,
blueberry,77 strawberry,m’79 tomato,® and Ginkgo biloba.?' In
negative ion mode, 9-AA for tomato,*’ 1,5-DAN for
strawberry,*” 1,8-bisdimethyl-amino naphthalene (DMAN) for
Medicago truncatula,”> 2,4,6-trihydroxyacetophenone (THAP)
for blueberry,” Michler’s ethylketone for Chinese-yew seed,**
and LDI (no matrix) for Ginkgo biloba®' were reported. For
blueberry metabolite imaging, reported studies were mostly
limited to anthocyanins and polyphenols with DHB”" or
THAP® as a matrix.

In this study, NI matrix MALDI imaging applications in
positive and negative ion modes for blueberry metabolites were
investigated. Crude blueberry methanol extract was utilized to
compare matrix performances of 3,4-MNI, 3,6-MNI], 2,3,4-
DMNI, and 2,3,6-DMNI with DHB and 1,5-DAN in positive
mode and with 9-AA and 1,5-DAN in negative mode (Figure
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3d,e). In negative ion mode, 2,3,6-DMNI was the optimum
matrix with intense ion signals and low matrix ion background
(Figure 3e), while in positive ion mode, 3,6-MNI was the best
performing NI matrix with ion patterns similar to those of the
DHB matrix (Figure 3d). The unique advantage of NI matrices
for blueberry metabolites seemed to be in the negative ion mode
m/z 600—900 lipids region, where all four NI matrices
demonstrate similar peak patterns with 2,3,6-DMNI the most
intense, in contrast to no signal of 9-AA and noisy background of
1,5-DAN spectra, even though both matrices had good
sensitivity with lipid standards (Table 1) and egg lipid extract
(Figure 3c). To our knowledge, such enhancement of negative
ions in the m/z 600—900 lipid region is unique for MALDI
imaging of water-rich plant tissues. Unlike mammalian tissues,
water-rich plant tissues are low in lipids with cell walls,”> which
could make MALDI imaging of lipids from such tissues more
challenging, while reported plant lipid imaging studies were
more focused on seeds (rich in lipids).***°

Given its superior performance for the crude blueberry
extract, 2,3,6-DMNI was then applied for blueberry tissue
MALDI imaging. The 2,3,6-DMNI matrix formed monomer,
dimer, trimer, and fragment ions at high concentrations and
sublimed under the MALDI instrument vacuum (2.6 X 1077
mbar) as demonstrated with the QCM volatility study. To
reduce matrix ion background and minimize matrix sublimation
effect, frozen blueberry tissue slices were mounted onto ITO
slides precoated with a thin layer of 2,3,6-DMNI matrix, and
then a second thin layer of matrix spray was applied over the
blueberry tissue. The 2,3,6-DMNI matrix spray concentration
(10 mM, 1.9 mg/mL) was much lower than the typical MALDI
imaging matrix sprays, e.g. 50—150 mg/mL for DHB”*"” and 15
mg/mL for DMAN.”® The effectiveness of the 2,3,6-DMNI
matrix at low concentration could be associated with its superior
laser absorption at 355 nm (Figure S2, Azss nm 2,34- v = 0185,
Asss om pus = 0.0722). Applying an organic matrix layer under
tissues shared some similarity with the nanostructure/nano-
particle layer under tissue method®”*® in the order of matrix—
tissue placement. As demonstrated by the control experiments
(Figures S10 and S11), the matrix under and above the two-layer
approach combined the ion desorption advantage of the matrix
layer above and the vacuum stability advantage of the matrix
layer under for optimum ion images.

Blueberry metabolites were putatively identified following
mass-matching and MSMS-assisted identification rationales
modified from ref 75. After TIC normalization, ions with higher
intensity in blueberry skin/interior regions than the matrix-only
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Figure 4. Blueberry metabolites/lipids MALDI imaging ion images acquired with 2,3,6-DMNI matrix in (a) negative and (b) positive ion mode, with

m/z values listed above the images.

glass slide region (by region mean spectra and/or skyline spectra
comparison) were considered promising metabolite masses,
which were then compared with the blueberry crude extract
Qtof ESI HRMS mass list, and the matching masses were
identified if within <0.05 Da error. The matched Qtof HRMS
accurate masses were then searched against databases (FooDB,
HMDB, LIPID MAPS) and refs 75, 77, 83, 89, and 90 (<S ppm
mass accuracy typically). To further validate the assignments,
MALDI CID MSMS spectra were collected for blueberry extract
and on tissue. The results were similar, and the on-tissue CID
spectra are provided in Figures SII-1 to SII-9 and compared with
experimental/predicted LC-MSMS spectra in databases
(FooDB, HMDB, LIPID MAPS) and/or MALDI MSMS
spectra reported in references 75, 77, 83, 89, and 90. The
Supporting Information Excel file lists the observed masses with
MALDI MS imaging and Qtof HRMS, exact masses of the
putatively identified compounds, and structurally informative
CID MSMS fragment ions.

In negative ion mode, a total number of 72 metabolite ions
(Figure 4a, Figures SII-1 to SII-7, and Supplemental Excel
Table) were putatively identified with 2,3,6-DMNI matrix,
including acids, anthocyanins/polyphenols, glycerophospholi-
pids (PA, PE, PI), sulfoquinovosyldiacylglycerols (SQDG), and
sterols (ST). The acids identified included phosphate m/z
78.95, sulfite m/z 79.94, monosaccharide phosphate m/z
259.03, aliphatic carboxylic acids (e.g, citric acid m/z 191.02,
malic acid m/z 133.05, fatty acids m/z 255.26, 277.25, etc.), and
aromatic carboxylic acids (e.g, coumarinic acid m/z 163.05,
trans-S-O-caffeoyl-D-quinate m/z 353.05). In positive ion
mode, 18 metabolite ions (Figure 4b, Figures SII-8 and SII-9,
Supplemental Excel Table) were identified, e.g., potassium ions,
anthocyanins/polyphenols, choline, phosphorylcholine, and
PC.

Opverall, the 2,3,6-DMNI matrix was demonstrated to be very
effective for blueberry metabolites/lipids identification, espe-
cially in negative ion mode, and could be potentially useful for
imaging applications for other plant types. The above—under
tissue 2-layer matrix application method could be useful for
other volatile matrices on high-vacuum MALDI instrument
platforms. Note that matrix vacuum stability is not an issue for
atmospheric pressure MALDI (AP-MALDI) which has become
commercially more available on various instrument platforms
(e.g, AP-MALDI-orbitrap,”’ AP-MALDI-QQQ,”” and iM-
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Scope QT”?) that are useful for vacuum-unstable small molecule
analysis.

Bl CONCLUSIONS

Five nitro indole derivatives (3,4-MNI, 3,6-MNI, 2,3,4-DMNI,
2,3,6-DMNI, and 4-NI) were synthesized and demonstrated to
function as new dual-polarity positive and negative ion MALDI
matrices with broad applications. Compared with common
matrices DHB, CHCA, SA, 1,5-DAN, and 9-AA, 3,4-MNI
demonstrated the best overall sensitivity for all standards
examined (lipid, peptide, protein, glycan, and PFOS), while
other NI matrices showed high sensitivity for various
compounds. The five NI matrices were synthesized as part of
a larger study, but they are commercially available.

For complex mixtures, the best overall detection sensitivity in
comparison to common matrices was demonstrated by 3,4-MNI
for egg lipids/milk proteins/PFOS in tap water and 2,3,6-DMNI
for blueberry extract. Quantitative PFOS MALDI MS analysis
with 3,4-MNI matrix demonstrated the LOQ (0.5 ppb in tap
water, 0.0S ppb in MQ water, without SPE enrichment),
accuracy, and precision comparable to the standard LC-MS/MS
MRM method or HRMS method, with additional benefits of
complex mixture/salt tolerance, ease of use, speed, high
throughput, and minimal solvent consumption. With crystalline
homogeneity (demonstrated by SEM and photo images) and
general-purpose applications, 3,4-MNI could be potentially
useful for MALDI quantitative analysis of a variety of molecules.
2,3,6-DMNI matrix was successfully applied for blueberry
metabolites/lipids mapping, with a total of 90 negative or
positive ions putatively identified which expanded the current
knowledge base of plant MALDI imaging.

NI matrix showed various degrees of vacuum sublimation rate
under high vacuum, as measured by matrix percentage loss after
4 h of vacuum treatment with a newly developed QCM method.
However, the matrix vacuum sublimation did not affect routine
MS analysis (e.g,, 3,4-MNI PFOS quantitation), and a new
matrix application method with thin 2,3,6-DMNI matrix layers
under and above blueberry tissue allowed MALDI imaging
success under high vacuum with a vacuum sublimation matrix.
For increasingly more available AP MALDI instrumentation,
matrix vacuum stability is not an issue.

In summary, NI matrices are demonstrated to be a unique
family of MALDI matrices effective in positive and negative ion
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modes with broad applications in many fields for qualitative and
quantitative analysis. As demonstrated, slight substitution
variations in the indole ring structure led to distinct matrix
performance changes, which indicates that nitro indole could
function as a sensitive and versatile design platform for new
matrix engineering to further expand applications and solve
analytical challenges. Work in preparation includes imaging
applications for other plant and animal tissues, PFAS environ-
mental analysis, and new NI matrix synthesis/characterization.
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