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ABSTRACT: Probing the entirety of any species metabolome is an analytical grand challenge, especially at a cellular scale. Matrix-

assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) is a common spatial metabolomics assay, but this 

technique has limited molecular coverage for several reasons. To expand the application space of spatial metabolomics, we developed 

an on-tissue chemical derivatization (OTCD) workflow using 4-APEBA for confident identification of several dozen elusive 

phytocompounds. Overall, this new OTCD method enabled the annotation of roughly 280 metabolites, with only 10% overlap in 

metabolic coverage when compared to analog negative ion mode MALDI-MSI on serial sections. We demonstrate that 4-APEBA 

outperforms other derivatization agents providing: (1) broad specificity towards carbonyls, (2) low background, and (3) introduction 

of bromine isotopes. Notably, the latter two attributes also facilitate more confidence in our bioinformatics for data processing. The 

workflow detailed here trailblazes a path towards spatial hormonomics within plant samples, enhancing detection of carboxylates, 

aldehydes, and plausibly other carbonyls. As such, several phytohormones, which have various roles within stress responses and 

cellular communication can now be spatially profiled, as demonstrated in poplar root and soybean root nodule. 

There are an estimated 200,000 to 1,000,000 distinct metabolites in the plant kingdom, where any single plant 

species can produce tens of thousands of unique metabolites, far more than most other organisms.1 However, only 

about 14,000 metabolites in the plant kingdom have been characterized, suggesting that advanced analytical 

methods are needed to more thoroughly investigate such highly complex metabolomes.2 This issue is further 

compounded when considering metabolite levels within single cells, where volumes and quantities of analytes are 

low and generally detection is limited to only a small set of compounds.3 Significant advancements in spatially-

resolved and cell-specific metabolomics have emerged in the last decade,3, 4 and the use of these technologies have 

suggested a central role of cellular heterogeneity in biological systems (including plants) under different conditions 

where bulk measurements often mask relevant mechanistic insights.3 One of the most utilized techniques for 

targeting and unveiling the cell-specific molecular signatures is matrix-assisted laser desorption/ionization 

(MALDI) mass spectrometry imaging (MSI).4 MALDI-MSI has been applied for spatio-chemical analysis of 

polysaccharides,5 glycans,6 lipids,7 proteins8 and their proteoforms,9 and various primary10 and secondary 

metabolites11 in plants.  

Although widely applied in plant systems, a significant challenge remains in the ability of MALDI-MSI to 

measure and map many important phytocompounds. The lack of sensitivity towards these compounds is due, in 

part, to several factors that include their low mass, low abundance, low ionization yield, and tissue suppression 

effects. All of these limits the ability of current approaches to comprehensively describe the molecular makeup at 

the single cell level.12 An additional challenge is that the broad physicochemical diversity of plant metabolites 

hinders their global analysis within any singular MSI workflow (e.g., using a single MALDI matrix, polarity, or 

mass range), and more comprehensive approaches have to be taken for broader utility of MALDI-MSI. 

Recently, on-tissue chemical derivatization (OTCD) coupled with MALDI-MSI has emerged as a powerful 

approach to overcome sensitivity and other mass analyzer limitations.12-15 This approach enables visualization of 

the spatial distribution of many biological compounds and molecular networks in microbial, plant, and mammalian 

cells.16 Specifically, OTCD enhances the detection sensitivity by introducing a charged moiety or a readily ionizable 

functional group to the analyte. Concurrently, this derivatization process increases masses of the metabolites toward 

more sensitive regions, bypassing issues related to discrimination of metabolites from complex background spectral 

features (i.e., isobaric separation) and low mass transmission limitations of high-resolution mass spectrometers, 

such as Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) instruments.  

Various derivatization agents (DA) have been developed to target distinct functional groups of endogenous 

molecules.12, 13 For example, Girard's T (GT), Girard’s P (GP), coniferyl alcohol (CA), and 2-picolyamine (PA) 

have been used for OTCD of carbonyl, amine, and carboxyl-containing compounds, respectively, in plant tissues, 

which enabled the detection of over six hundred unique metabolite features.17, 18 While OTCD approaches with 



these DAs is promising, many challenges remain. For example, phytocompounds, including phytohormones, 

remain largely undetectable. Another issue is that the chemical composition of these DAs does not permit the ability 

to confidently distinguish between derivatized and non-derivatized MS signals.17, 19 Moreover, since many of these 

DAs are highly specific, it requires the use of multiple DAs to detect chemically diverse metabolites within a single 

analysis. 

Herein, we report an OTCD strategy using 4-(2-((4-bromophenethyl)dimethylammonium)ethoxy) 

benzenaminium dibromide (4-APEBA), which we found surpassed the benefits of conventional DAs used for 

carboxyl and aldehyde derivatization. These three chemical moieties cover a very broad metabolic space, with a 

vast majority of plant metabolites containing at least one of these functional groups. 4-APEBA was initially 

introduced for electrospray ionization (ESI) workflows for derivatization of aldehydes.20, 21 A key advantage of this 

DA is the incorporation of a bromophenethyl group, which introduces a distinctive isotopic signature of bromine 

to the derivative product ions. This helps with facilitating confident non-targeted detection and screening of 

derivatized compounds. In this work, we developed and optimized OTCD parameters for 4-APEBA deposition to 

enable simultaneous visualization and confident detection of unique phytohormones, amino acids, components of 

the glyoxylate cycle, glycosides, etc., which were not observed by MALDI-MSI without derivatization or with 

previously reported DAs. 

Materials and methods 

In-solution derivatization screening experiments 

A stock solution of abscisic acid was created in water (3 mg/mL), where equimolar amounts of 1:100 dilution 

abscisic acid were aliquoted into glass vials with each respective DA. Additional solution was added to ensure 

constant volume and reaction conditions for each tested DA and were performed at a constant molar ratio of 1:80 

of standard:DA. The reactions occurred at 37.5 °C for 16 hr. Exposure to high temperatures was not tested, as these 

conditions are not practical for translation to MALDI-MSI workflows with preservation of labile molecules. After 

the reaction was complete, the samples were diluted to 30 nmol/L and subsequently run by ESI. Several of these 

reactions were then profiled by dried droplet preparations for MALDI-MS.  

In-situ derivatization of dried droplet standards 

To validate the developed OTCD protocol described within the Supporting Information, several standards were 

spotted onto indium tin oxide (ITO)-coated glass slides (Bruker Daltonics, Billerica, MA) at 2 mmol/L and allowed 

to dry. Slides were then profiled using the MALDI-MSI method described, and subsequently the standards 

underwent tandem MS for the benchmarking of fragmentation behavior for MALDI-MSI analyses. As described 

in the Supporting Information, derivatization was further evaluated both with and without activation by 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide (EDC) prior to deposition of 4-APEBA.   

Plant tissue preparation for MALDI-MSI 

Both frozen soybean root nodules and poplar roots (growth conditions described in the Supporting Information) 

were embedded within a mixture of 7.5% Hydroxypropyl methylcellulose (HPMC) and 2.5% polyvinylpyrrolidone 

(PVP).22 These samples were cryosectioned at -10 °C using a CryoStar NX-70 Cryostat (Thermo Scientific, 

Runcorn, UK), and 12 µm sections were subsequently thaw-mounted onto ITO coated slides. Four sets of poplar 

root and soybean nodule sections were mounted onto each slide. Next to each pair of sections, a spot of 1 µL of 2 

mmol/L abscisic acid (in 50% MeOH) was pipetted and allowed to dry as a quality control for OTCD. All plant 

tissues were imaged within one week of cryosectioning and were stored at -80 °C in vacuum sealed bags with 

desiccant until analyzed.  

Mass Spectrometry Instrumentation 

ESI screening of in-solution reactions was performed on a hybrid 21T Velos Pro FTICR mass spectrometer fitted 

with a Window Cell, which is located in the Environmental Molecular Sciences Laboratory at Pacific Northwest 

National Laboratory.23 Acquisitions were acquired in triplicate over the m/z range of 150 to 1,000 in the positive 

ion mode with a transient of 0.768 s. The observed mass resolution was ~315k at m/z 400, and the compounds were 

identified with low ppb error.  

All imaging was performed on a Bruker Daltonics 12T solariX FTICR MS, equipped with a ParaCell. This 

instrument has an Apollo II ESI and MALDI source with a SmartBeam II frequency-tripled (355 nm) Nd: YAG 

laser (Bremen, Germany). All sample preparation was completed on an M5 Sprayer (HTX Technologies, Chapel 

Hill, NC) with all methods described within the Supporting Information. Positive ion mode OTCD acquisitions 

were acquired with broadband excitation from m/z 98.3 to 1,000, resulting in a detected transient of 0.5593 s— the 

observed mass resolution was ~110k at m/z 400. Negative ion mode NEDC analyses were acquired with broadband 

excitation from m/z 98.3 to 1,100, resulting in a detected transient of 0.5593 s— the observed mass resolution was 



~110k at m/z 400. Compounds were identified with low ppm error. FlexImaging (Bruker Daltonics, v.5.0) was used 

for the imaging experiments, and analyses were performed with 25 µm step size for poplar roots, 50 µm step size 

for soybean root nodules, and 100 µm step size for the were profiled spotted standards. 

MALDI-MSI data processing 

FlexImaging sequences were directly imported into SCiLS Lab (Bruker Daltonics, v.2023.a Premium 3D) using 

automatic MRMS settings. Ion images were directly processed from the profile datasets within SCiLS Lab, and 

automated annotation of the centroided dataset was completed within METASPACE with a chemical modifier 

corresponding to the mass shift expected from 4-APEBA derivatization (+ C18H22N2Br, + 345.09663 Da). KEGG-

v1 and BraChemDB-2018-01 were used as metabolite databases for annotations.   

RESULTS AND DISCUSSION 

Screening DAs with a model phytohormone reveals 4-APEBA outperforms the others 

Phytohormones are incredibly diverse within physiological function and functional groups present within their 

structures.24-27 We selected abscisic acid as a model target for phytohormone derivatization, because it contains 

both a carboxyl and carbonyl functional group (Fig. 1a). We tested several DAs (Fig. 1b) that could potentially 

enhance abscisic acid ionization efficiency and, more importantly, would be amenable to on-tissue deposition. 

Aside from previously reported DAs for MALDI,18, 28-30 we also synthesized and tested 4-APEBA and 3-

bromoactonyltrimethylammonium bromide (BTA). BTA had previously showed potential in derivatizing acidic 

plant hormones for capillary electrophoresis-MS analyses.31 As OTCD is more challenging than in-solution 

analyses, and dried droplet preparations for MALDI are highly variable,32 these reagents were initially screened by 

ESI to identify stable DA product ions (Figure 1c).  

An ideal OTCD workflow should have a number of key attributes: (1) it should be performed under mild 

conditions, (2) provide a high reaction yield on-tissue, (3) prevent the delocalization of analytes, (4) preserve tissue 

integrity, and (5) provide robust and reproducible results.12 Through these ESI experiments, we observed that 4-

APEBA provided the greatest potential, with a significant sensitivity boost for derivatized  abscisic acid, whereas 

BTA, GT, and DNPH provided enhancement, but were 1.6 to 2.9 log2-fold less responsive (Fig. 1c). High 

derivatization yields for 4-APEBA, BTA, DNPH, and PA were also found, where non-derivatized abscisic acid 

was not detected for these DAs or was below the limit of detection. While GP and PA produced derivatized product 

ions under these mild conditions, the sensitivity boost was 4.2 and 4.3 log2-fold less than 4-APEBA, respectively. 

Conversely, N,N,N-trimethyl-2-(piperazin-1-yl)ethan-1-aminium iodide (TMPA) and N,N-dimethylpiperazine 

Fig. 1 Testing efficacy of various DAs by ESI-FTICR-MS. a) Workflow used for screening derivatization reactions using abscisic acid 

as a model phytohormone. b) Reaction scheme for all the DAs tested within this study and their respective color coding. c) Sensitivity 

boost due to derivatization noted within ESI-FTICR-MS measurements, where the signal intensity is log2 scaled for the different 

product ions of abscisic acid and compared against the abscisic acid standard. d) Relative intensity of non-derivatized abscisic acid 

detected across all reactions tested. If not listed, then abscisic acid was either fully reacted or below the limit of detection of the 

analyzer. 



iodide (DMPI) were found to be ineffective in the tested conditions, and negligible differences in signal intensity 

were observed for non-derivatized abscisic acid compared to non-derivatized control conditions (Fig. 1d). In either 

case, where the non-derivatized or product ion was not detected, selective isolation and accumulation of a mass 

window around the ion was completed. However, even within these conditions these ions were not detected. 

While the results for each of the eight in-solution DA trials will vary under different conditions, our data provided 

an first pass screening under mild conditions. For example, non-derivatized abscisic acid was detected for both GT 

and GP (Fig. 1d), and even though a vast molar excess of DA was present (1:80), the reactions did not complete, 

which implies harsher conditions for derivatization are necessary. Additionally, several of the aforementioned DAs 

have previously been used for OTCD of carbonyl (DNPH28) and carboxyl containing metabolites (TMPA29 and 

DMPI30). Nevertheless, as stated above, we opted to evaluate mild conditions and avoid prolonged incubation and 

exposures to high temperatures. 

We then profiled a subset of high performing DAs within the initial screening to evaluate their potential for 

MALDI-MSI. Specifically, we tested both BTA and 4-APEBA and two commonly applied DAs, both GP and GT. 

Several single mass spectra were taken of dried droplet preparations for 4-APEBA, BTA, GP, and GT (Fig. 2). 

Both 4-APEBA (Fig. 2a) and BTA (Fig. 2b) showed the highest sensitivity enhancement for the derivatization 

product ions within MALDI-MS experiments. Furthermore, 4-APEBA produced far fewer background peaks than 

all other DAs at a signal-to-noise threshold of 3 (Fig. 2e). This is a notable advantage of 4-APEBA, as the number 

of spectral features from the other DAs poses a bioinformatics challenge for false annotation of ion images based 

solely on high-resolution accurate mass detection.  

Recently, the development of an open cloud-based annotation platform for MSI datasets, METASPACE, has 

helped facilitate non-targeted analysis of MSI data.33 Within METASPACE, complex mass spectral features are 

annotated using a false discovery rate (FDR) framework that tremendously improves confidence, while expediting 

annotation of spatially resolved MS data.17 In tandem with lower background, the introduction of a bromine atom 

into the analyte from the bromophenethyl of the 4-APEBA (Fig. 2a) offers significantly higher confidence within 

METASPACE annotations, where 79Br and 81Br have distinct relative abundance and an easily recognizable 

Fig. 2 MALDI mass spectra of different derivatization reactions of abscisic acid using DHB as a MALDI matrix. Experiments were 
completed to identify the expected background within a singular pixel in an imaging analysis. a) MALDI mass spectrum of 
derivatization reaction products using 4-APEBA. Note that within the zoomed inset, a bromine isotopic pattern can be discerned in the 
4-APEBA abscisic acid product ion. b) MALDI mass spectrum of derivatization reaction products using BTA. c) MALDI mass 
spectrum of derivatization reaction products using GP. d) MALDI mass spectrum of derivatization reaction products using GT. e) 
Number of MS peaks with a signal-to-noise threshold of 3 at 1% and 0.1% relative intensity thresholds, where more complex signal 
background complicates downstream analyses.  

 



isotopic pattern.19 Thus 4-APEBA, and other halogenated DAs, reduce the likelihood of false derivatized 

annotations when tandem MS is not feasible for one of several reasons.17  

Optimizing on-tissue chemical derivatization of 4-APEBA for high-fidelity MALDI-MSI 

After an effective preliminary screening, we thoroughly evaluated protocols for OTCD using EDC and 4-

APEBA, and we identified a two-step derivatization reaction was optimal. This separated the activation of 

carboxylic acids, using EDC, and subsequent derivatization by 4-APEBA. Consequently, we also evaluated the 

quantity of reactants for the ideal EDC/4-APE BA ratio and evaluated this within MSI analyses performed on poplar 

root and soybean root nodule sections. All conditions for OTCD that were tested are within Table S1. These 

datasets were evaluated against the METASPACE annotation quantity and quality, the sensitivity of derivatized 

product detection, and detectable signal delocalization (Fig. 3). In general, we found that several classes of 

compounds can be simultaneously detected, some of which never previous reported by FTICR-MSI, and classes 

such as biogenic amines which remain non-derivatized with application of 4-APEBA were still detectable post 

OTCD. As such, we used these molecules as a sensitivity control to gauge DA suppression.  

Signal delocalization (Fig. 3a) was quantified using our previously published procedure,34 and all annotations 

were limited to those with FDRs <10% (Fig. 3b). We found molecules annotated below this threshold consisted of 

mostly non-derivatized species and/or false positives. Low FDRs, in tandem with high metabolite-signal match 

(MSM)33 and diagnostics in METASPACE (Fig. 3d), enabled high confidence profiling of annotations. As a quality 

control for OTCD a standard of abscisic acid was spotted beside the tissue and profiled during the MALDI-MSI 

acquisition. We used the relative intensity of the derivatized abscisic acid product ion to calculate the sensitivity of 

each tested condition (Fig. 3c). As such, the intensity reflects the mutual effect of derivatization yield and 

suppression caused by the MALDI matrix and DA.  

Taken together we identified the optimal conditions, regardless of the plant tissue imaged, were obtained after 

depositing 16.66 µg/cm2 of aqueous EDC followed by 5.56 µg/cm2 of aqueous 4-APEBA within four spray cycles, 

as outlined within the methods in the Supporting Information. Subsequently, lower, or higher deposited amounts 

of EDC/4-APEBA, or combined spraying of EDC/4-APEBA, or a higher EDC/4-APEBA ratio caused unfavorable 

interactions on the sampled surface, which resulted in non-homogeneous matrix application, signal suppression, 

and delocalization. Interestingly, applying lower amounts of DAs also increased delocalization (Fig. 3a). We found 

this result to be counterintuitive because higher amounts of deposited DA require several more application cycles 

with the matrix sprayer. We postulate that this observation could have resulted from low derivatization yield and 

ion suppression from other non-derivatized molecules.  

Fig. 3 MALDI-MSI outputs in different EDC/4-APEBA derivatization conditions expressed as EDC (µg/cm2) / 4-APEBA (µg/cm2) 
demonstrated on poplar root cross section. a) Delocalization (i.e., leakage of molecules from their native localizations) observed after 
deposition of EDC and APEBA in water on poplar roots. The derivatized form of malic acid [C4H6O5+C18H22N2Br]+ is provided as an 
exemplary molecule used to evaluate delocalization. b) Number of annotated features retrieved from METASPACE at 10% FDR using 
KEGG database of these datasets. c) Sensitivity of analyses expressed as relative intensity of derivatized abscisic acid standard in each 
condition. d) Spatial distribution of [malate-4-APEBA]+ isotopologues in the cross section of poplar root. Characteristic isotopic 
pattern of bromine (79Br and 81Br) can be identified with similar relative abundances (51% and 49%, respectively) aiding in spectral 
identification of isotopologues, which for low mass metabolites are otherwise broadly undetected.  



We found sensitivity plateaued at our aforementioned optimal conditions (Fig. 3c). We also tested using different 

solvent conditions, where OTCD was performed using 50% MeOH, (Fig. S1). Generally, a differential sensitivity 

boost was observed for various metabolites (i.e., derivatized lipoate, glyoxylate, and formate) likely due to 

differential extraction. In comparison to the optimized aqueous protocol, we detected and annotated less 

phytocompounds. These results were also found to be specific to tissue type, with drastically less annotations on 

soybean root nodules with 50% MeOH (Table S1). As such, our results demonstrate a critical need to also evaluate 

the solvent system for molecular coverage, sensitivity, delocalization, and DA stability when approaching targeted 

OTCD workflows. 

The entire optimization was also performed using DHB as a matrix, which itself contains a carboxyl group that 

can be derivatized. Accordingly, a derivatized DHB product ion was  a major product ion within these analyses 

alongside excess 4-APEBA. While this could impact ionization yields in an imaging experiment, for example, we 

also tested norharmane (NOR) as an OTCD matrix. This matrix has shown great utility within dual polarity 

MALDI-MSI.35, 36 However, we found that both sensitivity and molecular coverage for OTCD with NOR deposition 

were significantly lower compared to DHB (Fig. S2). These finding were further supported by ion images of non-

derivatized components within DHB experiments (Fig. S3), suggesting derivatization of DHB did not negatively 

impact sensitivity. Alternatively, DHB can act as a quality control to ensure efficient OTCD occurred. 

Verification of on-tissue chemical derivatization workflows through evaluation of standards 

For further verification of OTCD, several standards containing aldehyde and carboxylate functional groups were 

activated, derivatized, and analyzed as dried droplets on a slide with the optimized parameters (Fig. S4). As we 

expected, all carboxyl-containing compounds showed intense derivatized signals, and their non-derivatized forms 

were either not detected or were detected with less than 11.5 log2-fold lower signal intensity. Notably, glucose 

showed a significantly enhanced derivatized signal with 5.2 log2-fold higher response than non-derivatized glucose 

(Table S2), indicating that 4-APEBA in our conditions also targets aldehydes. On the other hand, it seems that 

glycosides were poorly derivatized, as derivatized zeatin riboside was a very minor component of zeatin riboside 

mass spectrum (Fig. S4a). We also observed negligible double derivatization in molecules that contain multiple 

carboxyl groups (e.g., citric acid) within our analyses, but we did not detect double derivatization for any other 

molecules that have mixed chemical functionality (i.e., abscisic acid, jasmonic acid, and lignin model compounds), 

as shown in Table S2.  

To further probe the effect of this key two-step activation with EDC, aromatic aldehydes produced in 

lignocellulose decay were analyzed with and without activation by EDC (Fig. S4b). Without prior EDC deposition, 

the [DHB+4-APEBA]+ product ion signal is significantly lower compared to two-step activation and derivatization. 

In contrast, all aldehyde standards tested showed intense derivatized product ions both with and without EDC 

deposition. Without EDC, signal intensities were 0.7 to 9.3 log2-fold higher compared to signal in the presence of 

EDC (Table S2). However, regardless of the condition, all non-derivatized ions were observed at <10% relative 

intensity of the derivatized ions. We also found an unexpected derivatization product with standards of 

acetovanillone and hydroquinone. Namely, several peaks with low-ppm mass accuracy match to a 4-APEBA 

moiety attached to acetovanillone and hydroquinone after a water loss (Fig. S4c). As acetovanillone is a ketone, 

this is plausible, but hydroquinone has two phenol groups and no carbonyls, it remains unclear the mechanism of 

derivatization by 4-APEBA, although oxidation of phenols is possible through several mechanisms.37 

Consequently, METASPACE annotations of other carbonyl or phenol compounds should not be directly excluded 

as false, but rather should be further investigated.  

Overall, activation by EDC was found to be a necessary component for efficient derivatization of carboxylates 

with minor detrimental effects for other functional groups targeted that do not need activation.20 These results 

signify a niche opportunity with DA specificity towards functional groups, which in the future can be exploited to 

image structural isomers by MALDI-MSI,38 depending on the DA or sample preparation for OTCD.39 MALDI 

tandem MS was also evaluated (Fig. S5), where common neutral losses were identified (Table S3) and follow 

generalizations for neutral losses based upon the functional group derivatized.  

On-tissue chemical derivatization by 4-APEBA enabled high-fidelity cellular mapping of phytohormones 

and phytochemicals 

Finally, we applied our optimal 4-APEBA OTCD protocol to provide fine spatial information on more than 280 

metabolites within plant tissue. Detailed insight into the identity of these molecules can be seen in the 

Supplementary Workbook and visualized via METASPACE. Besides the detection of important physiological 

aldehydes, and carboxylic acids, this approach provided broad detection of molecules of different chemistries, 

polarities, and physiological roles within a single MSI experiment. To date, to obtain similar coverage and visualize 



aldehydes, and carboxylic acids, one either needs to use multiple DAs, which are each specific for a unique 

functional group,18 or prepare multiple tissue sections for separate imaging experiments in opposite polarities.  

To exemplify the multiplexed capability of 4-APEBA OTCD, we highlight the spatial pattern of the critical 

respiratory substrate, pyruvate,40 its decarboxylation product, acetaldehyde,41 and stress reporter, glyoxylate (Fig. 

4).42 Due to their low molecular weights (88 Da, 44 Da, and 74 Da, respectively) these small metabolites have 

remained undetected in MSI experiments performed with FTICR-MS thus far. It is worth noting that using PA for 

OTCD, pyruvate was previously ascribed with a neutral loss [-CO2] in the positive ion mode.18 In this report, it was 

annotated as an acetaldehyde-PA product ion, but since acetaldehyde is volatile, it was postulated that it was 

unlikely to be preserved in the plant tissue.18 Other studies have annotated pyruvate in the negative ion mode within 

root nodules.43 However, these works and others to date used low-resolving power instrumentation for such 

measurements. While highly informative, lower mass accuracy and mass resolving power limits the confidence of 

molecular annotations. Regardless, our results show, for the first time, a direct, clear, and confident image of 

pyruvate distribution in the tissue (Fig. 4a). This is invaluable in tracking pyruvate kinetics in plants during 

respiration as an intermediary through glycolysis into gluconeogenesis. Other small aliphatic acids that are part of 

the TCA and glyoxalate cycles in plant were also observed, including cis-aconitate, α-ketoglutarate, fumarat e, 

citrate/iso-citrate, malate, and succinate (Fig. 4a) allowing for comprehensive metabolic pathway profiling.44  

We were also able to detect derivatized aliphatic acids with specific biological roles, such as allantonate, that 

serve as long-distance nitrogen transporters in soybean nodules (Fig. 4b).45 Numerous flavonol glycosides were 

also derivatized and detected with unique spatial distributions. This included malonyl-containing flavonol 

glycoside, which was concentrated at the area of root attachment in the soybean root nodule (Fig. 4b). We also 

detected malonate in soybean root nodules (Fig. 4b). Malonate is an abundant C3-dicarboxylic acid in legumes, 

Fig. 4 Spatial distribution of exemplary plant metabolites revealed after on-tissue derivatization with 4-APEBA. All ions were detected 
as 4-APEBA derivative ion [M+C18H22N2Br]+. a) Spatial distribution of multiple components of the TCA and glyoxalate cycle in the 
cross section of poplar root at 25 µm pixel size. b) Cell-type specific localization of selected metabolites in the soybean root nodule at 
50 µm spatial scale where localizations within the cortex and outer dermal layers can be recognized. A bright-field image of the 
imaged section is shown. c) MALDI images of phytohormone distribution in soybean root nodule (right: jasmonic acid and methyl 
jasmonate) and poplar roots (left: salicylate and 1-aminocyclopropane-1-carboxylate). A bright-field image of a serial section to that 
which was imaged is shown.  



and its role in biological nitrogen fixation is highly contested (i.e., from a significant carbon source to a metabolic 

poison).46 Importantly, this metabolite has not been observed within soybean root nodules via several different MSI 

capable methods previously used,47-49 nor was it detected in other legume nodules.43 Revealing high abundance of 

malonate in the outer layer of the infection zone may shed new light on its role in biological nitrogen fixation. The 

sensitivity of 4-APEBA OTCD also allowed visualization of other important phytocompounds, such as 

phytohormones and growth regulators,50 which have been largely undetectable by all MSI methods. For example, 

we showed the distribution of abscisic acid (Fig. S6),51 aminocyclopropane-carboxylate,52 and salicylic acid53 in 

poplar roots (Fig. 4c), and abscisic acid, jasmonic acid, and methyl jasmonate54 in soybean root nodules (Fig. 4c).  

This demonstrates the vast potential of 4-APEBA as a DA that enables detection of key phytocompounds, 

including phytohormones that are often present only in the trace amounts in individual cells. Routine non-targeted 

detection of these vital signaling molecules has not been feasible until now, even when state-of-the-art analytical 

techniques were employed.50, 55 Under optimal conditions, we can even measure non-derivatized molecules (Fig. 

S3) — albeit with less sensitivity than in conditions where the sample has not been derivatized. Thus, analyses are 

not limited solely to carboxyl, and aldehyde containing molecules from the derivatized tissue, as biogenic amines 

in soybean nodules that are synthesized by rhizobia to adapt to the plant cell environment can also be detected (Fig. 

S3).56  

Finally, we compared the utility of 4-APEBA OTCD to profile carbonyls against negative ion mode experiments 

that are the primary choice for these molecules. Several compounds (30) detected by 4-APEBA can still be 

visualized within negative ion mode using NEDC as a matrix, with similar spatial distributions (Fig. S7). However, 

4-APEBA molecular coverage vastly outperforms NEDC analyses (Table S4) and opens a door for imaging 

numerous aliphatic carbonyls not detectable by traditional negative mode measurements (Fig. S8).  

Conclusions 

OTCD methods are still in their infancy. However, over the last half decade, innovations in DAs and deposition 

methods have dramatically increased the metabolic coverage that can be obtained at the cellular spatial scale using 

MSI methods. This study provides a derivatization methodology using a highly promising OTCD agent, 4-APEBA, 

that enabled simultaneous boosts in sensitivity for amino acids, hormones, reducing sugars, aliphatic and aromatic 

carboxylic acids, aldehydes, and other metabolites with carbonyl groups. This DA has an extremely low background 

and the incorporation of polyisotopic bromine into the derivative product ion, the combination of which facilitates 

confident bioinformatics processing. The optimized workflow demonstrates these analyses can occur at the cellular 

scale, where any delocalization identified is an artifact of stemming from tissue embedding procedures.  

Although we demonstrated the applicability of 4-APEBA in plant root tissues, this approach is transferrable to 

microbial colonies, mammalians tissues, and other biological systems as well. The two-step reaction within OTCD 

also revealed further potential development for selective derivatization of aldehydes, and plausibly other carbonyls, 

whereas detection of carboxyl groups require prior activation for sensitive analyses. Regardless, within a single 

imaging analysis, metabolites of opposite polarities and different hydrophobicity can be detected with negligible 

double derivatizations observed. In summary, having demonstrated the in-situ profiling of key phytocompounds 

and metabolites, the path forward for sensitive spatial metabolomics and hormonomics is promising. Especially 

due to limited reports detailing detection of several of these biologically important compounds and incomplete 

coverage of metabolic pathways.  
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Notes 

All annotations and ion images can be found in the following METASPACE project:  
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