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Abstract: Mass spectrometry imaging (MSI) enables simulta-
neous spatial mapping for diverse molecules in biological
tissues. Matrix-assisted laser desorption ionization (MALDI)
mass spectrometry (MS) has been a mainstream MSI method
for a wide range of biomolecules. However, MALDI-MSI of
biological homopolymers used for energy storage and molec-
ular feedstock is limited by, e.g., preferential ionization for
certain molecular classes. Matrix-free nanophotonic ionization
from silicon nanopost arrays (NAPAs) is an emerging laser
desorption ionization (LDI) platform with ultra-trace sensi-
tivity and molecular imaging capabilities. Here, we show
complementary analysis and MSI of polyhydroxybutyric acid
(PHB), polyglutamic acid (PGA), and polysaccharide oligo-
mers in soybean root nodule sections by NAPA-LDI and
MALDI. For PHB, number and weight average molar mass,
polydispersity, and oligomer size distributions across the tissue
section and in regions of interest were characterized by NAPA-
LDI-MSI.

Introduction

Living organisms amass, synthesize, and assimilate mole-
cules into various classes of biopolymers that have specific
biological roles. Polymers of nucleotides form the genome
and the transcriptome, whereas polymers of amino acids, i.e.,
proteins, function as the molecular machinery of cells. Other
biopolymers are less ubiquitously present and more species-
specific. For example, during the interaction between soybean
(Glycine max L. Merr.) and soil rhizobia (Bradyrhizobium
japonicum), specialized organs, called root nodules, are
formed, in which the bacteria fix atmospheric nitrogen and
utilize raw material provided by the host to synthesize
a special class of biopolymers, polyhydroxybutyric acid
(PHB).[1, 2] PHB is of physiological importance to the rhizobia,
not only presenting a source of energy and carbon,[3] but its
cellular levels can also strongly correlate with the redox state
of the cell.[4, 5] Some PHB-producing bacteria are considered
candidates for the large-scale manufacture of biodegradable

plastic and other polymers through processes powered by
renewable energy.[6–8] For example, the Bionic Leaf 2.0
incorporates the bacteria Ralstonia eutropha that can reduce
atmospheric CO2 into PHB in the presence of H2 generated
from splitting water during artificial photosynthesis.[7, 8]

Chemical analysis, and, in a few cases, imaging, of
biopolymers have been performed using various analytical
techniques, including gel permeation chromatography
(GPC),[9] electrospray ionization (ESI) mass spectrometry
(MS),[10, 11] secondary-ion mass spectrometry (SIMS),[12] and
matrix-assisted laser desorption ionization (MALDI)
MS.[10, 13,14] GPC is typically used to determine the molar
mass distribution, polydispersity, and the degree of branching
in a biopolymer,[15,16] but it requires extensive sample
preparation for purification of biopolymers from their
biological sources, which lowers the throughput and leads to
loss of spatial information. ESI-MS is commonly used to
analyze large biomolecules, including biopolymers, such as
polysaccharides.[11] However, sample preparation is required
prior to ESI-MS to extract and purify the biopolymers, thus
eliminating the prospect of chemical imaging.[10, 11]

An indirect approach based on mass spectrometry imag-
ing (MSI) has been implemented to profile the spatial
distribution for certain biopolymers by mapping the local-
ization of the corresponding repeat unit. For example, using
SIMS-MSI, the spatial distribution for lignin in plant tissues
was profiled by mapping the localization of the corresponding
repeat unit, guaiacyl lignin ion, at m/z, 200.[12] A similar
method was used in MALDI-MSI of cutin and suberin
biopolymers in plant tissues by profiling the spatial distribu-
tions for the corresponding repeat units.[17] This indirect
approach can prevent the distinction between the naturally-
unbound repeat units and those that are produced by in-
source fragmentation of oligomers.

MALDI has been widely adopted for MSI of proteins,
peptides, metabolites, and other biomolecules. However,
several factors associated with the workflow in MALDI can
impact the fidelity of the chemical and spatial information.[18]

For example, due to the molecular complexity of biological
samples, the selection of a specific matrix in MALDI can lead
to preferential ionization for certain classes of biomolecules,
thus limiting molecular coverage.[19] Additionally, with opti-
mal sample preparation in MALDI using, e.g., automated
matrix spraying, the original analyte spatial distribution can
be preserved within lateral dimensions small enough to
enable single-cell and subcellular MALDI-MSI.[20, 21] For
example, single Purkinje cells that interspersed the granular
and molecular layers in tissue sections from mouse cerebella
were distinguished on the basis of their different chemical
compositions using transmission-mode MALDI-2.[21] How-

[*] Dr. L. Z. Samarah, T. H. Tran, Prof. A. Vertes
Department of Chemistry, George Washington University
Washington, DC 20052 (USA)
E-mail: laithsamarah@gwmail.gwu.edu

vertes@gwu.edu

Prof. G. Stacey
Divisions of Plant Sciences and Biochemistry, C. S. Bond Life
Sciences Center, University of Missouri
Columbia, MO 65211 (USA)

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202015251.

Angewandte
ChemieResearch Articles

How to cite: Angew. Chem. Int. Ed. 2021, 60, 9071–9077
International Edition: doi.org/10.1002/anie.202015251
German Edition: doi.org/10.1002/ange.202015251

9071Angew. Chem. Int. Ed. 2021, 60, 9071 – 9077 T 2021 Wiley-VCH GmbH

http://orcid.org/0000-0003-1358-2727
http://orcid.org/0000-0003-1358-2727
http://orcid.org/0000-0003-1358-2727
http://orcid.org/0000-0001-5914-2247
http://orcid.org/0000-0001-5914-2247
http://orcid.org/0000-0001-5186-5352
https://doi.org/10.1002/anie.202015251
http://dx.doi.org/10.1002/anie.202015251
http://dx.doi.org/10.1002/ange.202015251
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202015251&domain=pdf&date_stamp=2021-03-09


ever, suboptimal matrix deposition may lead to the spreading
of analytes over the sample surface, thus potentially altering
their native localization and reducing the spatial resolu-
tion.[22–24]

These limitations and others have led to efforts towards
developing matrix-free MSI methods.[18] Both vacuum-based
and ambient matrix-free ionization methods have been
developed and successfully employed in MSI. For example,
desorption electrospray ionization (DESI) and laser ablation
electrospray ionization (LAESI) MS were among the ambient
matrix-free ionization platforms that were successfully used
to image the spatial distributions for metabolites and lipids in
biological samples, e.g., tissue sections.[25, 26] Vacuum-based
matrix-free methods include a variety of laser desorption
ionization (LDI) platforms based on inorganic substrates,
such as desorption/ionization on silicon (DIOS),[27, 28] graph-
ite-assisted LDI,[29,30] nanostructure-initiator mass spectrom-
etry (NIMS),[31,32] and silver and gold nanoparticles.[33,34] More
recently, nanophotonic ionization from silicon nanopost
arrays (NAPAs) has emerged as a matrix-free inorganic
platform with ultra-trace sensitivity, broad molecular cover-
age, and molecular imaging capabilities.[35, 36] For many of
these inorganic platforms for LDI, the ionization efficiency
can vary for different molecular classes. For example, some
inorganic substrates, nanostructures and nanoparticles for
LDI have been shown to favor the detection of some neutral
lipids.[34, 37, 38]

Particular advantages of NAPA-LDI-MSI were recently
demonstrated by comparing it to MALDI-MSI with respect
to the ionization efficiency and spatial mapping of certain
lipid classes in biological tissue sections.[38, 39] NAPA-LDI-MSI
was shown to enhance the ionization for particular lipid
classes that are often difficult to detect using traditional
organic MALDI matrices, especially in the presence of
phosphatidylcholines (PCs), such as phosphatidylethanol-
amines (PEs) and triglycerides (TGs).[38,39] These results
demonstrated the complementarity of lipid coverage between
NAPA-LDI- and MALDI-MSI and gave rise to their
combined application for multimodal imaging.[40]

Here, we show the detection and molecular imaging of
oligomers of PHB, polyglutamic acid (PGA), and polysac-
charides in soybean root nodule tissue sections using NAPA-
LDI-MSI and MALDI-MSI. The two techniques exhibited
strikingly different detection for the three oligomer types in
the tissue. NAPA-LDI-MSI provided molecular coverage for
PHB oligomers with 1, n, 45 repeat units and with up to
& 65-fold higher signal intensity compared to MALDI-MSI
for root nodule sections harboring the wild-type soybean-
nodulating rhizobia, Bradyrhizobium japonicum. For PHB,
number and weight average molar mass, Mn and Mw,
respectively, the polydispersity, Y, and oligomer size distri-
butions across the entire tissue section and in certain regions
of interest were characterized by NAPA-LDI-MSI. Addition-
ally, oligohexoses were detected and spatially mapped
exclusively by NAPA-LDI-MSI. Conversely, MALDI-MSI
outperformed NAPA in imaging PGA oligomers throughout
tissue sections harboring genetically modified rhizobia defec-
tive in PHB biosynthesis (phaC). Our results demonstrate the
complementarity between the two ionization platforms and

provide insights into the regulation of PHB and PGA
metabolism during symbiosis.

Results and Discussion

Analysis of PHB standard by NAPA-LDI-MS and MAL-
DI-MS was performed to evaluate the ionization efficiency
for each method. For MALDI, 2, 5-dihydroxybenzoic acid
(DHB) provided the closest match between the MALDI-
obtained Mn, Mw, and Y and the corresponding values
provided by the vendor based on GPC data (see Table S1).
Thus, mass spectra obtained from PHB standard analysis
using DHB were used to compare between MALDI and
NAPA. Mass spectra recorded by both techniques displayed
m/z peaks separated by 86.037 Da that corresponded to the
mass of the repeat unit, with the molecular formula C4H6O2

(see Figure S1). Following the consecutive mass difference of
86.037 Da between m/z peaks in the NAPA spectrum for
oligomers with 1, n, 45, one of the end groups was
determined at m/z 124.9893, matching the adduct [M++K]+,
where M had the molecular formula C4H6O2, and the
suggested structure in Figure S1 represents M-H. Consistent
with the measured monoisotopic masses of the detected
oligomers, the opposite end group corresponded to a hydro-
gen atom (see Figure S1).

In both NAPA and MALDI spectra, the ion signal
intensity decreased as the m/z increased, although the signal
decline appeared faster in the NAPA spectra (see Figure S1).
This inverse relationship between the ion intensity and
oligomer size is likely primarily due to limitations in the
production of high-mass ions by the ionization platforms and,
to some degree, to reduced high-m/z analytical capabilities of
the mass analyzer.

The oligomer size distributions produced by the two
methods are described by the corresponding Mn, Mw, and Y
(see Table S1). For NAPA and MALDI, both the Mn and Mw

values were lower than the numbers generated by GPC,
whereas the Y values produced by the two LDI platforms fell
within the range reported by the separation method. The
mismatch between the Mn and Mw values generated by the
two LDI techniques and GPC can be explained by the
limitations of the two ionization platforms and the mass
analyzer as described above.

To assess and compare the coverage of oligomers of PHB
and other biomolecules by NAPA-LDI- and MALDI-MSI in
biological tissues, serial sections from soybean root nodules
infected with wild-type B. japonicum were analyzed by both
platforms.

For NAPA-LDI-MSI, the averaged spectra across an
entire tissue section displayed m/z peaks that corresponded to
oligomers of PHB (see Figure 1). As with PHB standard
analysis, the measured m/z values for the oligomers from the
tissue section were consistent with the proposed end groups.
In the range 200,m/z, 4000, the distribution of the oligo-
mer m/z peaks from the tissue included 1, n, 45 (see
Figure 1). The oligomer size distribution across the analyzed
tissue region was characterized by Mn, Mw, and Y. In the range
200,m/z, 4000, the oligomer size distribution was described
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by Mn& 1043 Da and Mw& 1462 Da (see Figure S2), leading
to a polydispersity, Y& 1.40, slightly higher than the value
measured for the PHB standard.

Although NAPA-LDI- and MALDI-MS demonstrated
similar detection capabilities for oligomers of PHB standard
(see Figure S1), the detection and spatial mapping of the
biooligomers in the tissue were significantly different for the
two techniques.

To assess the molecular coverage of PHB biooligomers in
biological tissues by MALDI, we analyzed soybean root
nodule sections prepared with three different matrix applica-
tion techniques, sublimation, spraying with an airbrush and an
oscillating capillary nebulizer. Two different matrices were
used, DHB and 9-aminoacridine (9-AA), and MALDI-MSI
was performed in positive and negative ion modes. Addition-
ally, as salt additives are usually used to enhance polymer
ionization in MALDI-MS,[41,42] KCl and CH3COONa were
added to the matrix for imaging of some of the tissue sections.
To minimize potential variations between samples that were
analyzed by the different techniques, serial sections from the
same root nodule were taken and analyzed by each sample
preparation method for comparison.

For MALDI analysis of tissue sections sprayed with DHB
using an airbrush, metabolites and lipids were detected,
whereas m/z peaks that corresponded to oligomers of PHB
were absent from the spectra (see Figure S3). These results
were in accordance with a previous MALDI molecular
tomography study in positive and negative ion modes of
soybean root nodules infected with wild-type rhizobia, where
automated matrix (DHB and norharmane) application was
used for tissue coating.[43] Similar results were observed in our

positive and negative ion mode MALDI-MSI of tissue
sections sprayed with 9-AA containing salt additives using
an oscillating capillary nebulizer (see Figure S4).

For MALDI analysis of tissue sections coated with DHB
by sublimation, the results were surprisingly different from
MALDI imaging of samples sprayed with a matrix solution.
Whereas many metabolites and lipids were commonly
detected and imaged by MALDI-MSI of tissue sections
coated with the matrix by spraying and sublimation, oligo-
mers of PHB were detected in the latter, although their signal
intensities were significantly lower than in NAPA (see
Figure S5). Similar to NAPA tissue analysis, the oligomers
detected by MALDI also consisted of mainly potassium
adducts with 1, n, 21 (see Figure S5).

Despite the demonstrated capability of MALDI in
detecting and imaging oligomers of PHB from the tissue,
the signal intensities for all detected PHB oligomers were
significantly lower than in NAPA. The histogram in Figure 2
compares the average intensity distributions of the oligomer
m/z peaks that were detected by MALDI-MSI and NAPA-
LDI-MSI of 10 serial tissue sections (5 tissue sections for each
method). The average signal intensities for oligomer ions with
1, n, 21 were & 7 to & 65-fold higher in NAPA spectra
compared to MALDI (see Figure 2).

As thin (10 mm) serial tissue sections were analyzed for
comparison between the two platforms, it can be assumed that
the intrinsic biological variations, e.g., amounts of alkali metal
ions, between the samples used in each method were
insignificant. Accordingly, factors that may significantly
contribute to the differences between the two techniques in
the detection of PHB oligomers from the tissue include
energy deposition, redistribution, mechanisms of material
ejection, and the composition of the desorption plume. In
MALDI, spray-based deposition of matrix droplets and
sublimation yield matrix layers with different physical proper-
ties, such as surface homogeneity and crystal size.[44] The latter
generally provides a more homogeneous matrix layer with
smaller crystal sizes, leading to improved spot-to-spot repro-

Figure 1. NAPA-LDI-MSI of soybean root nodule sections. (Top panel)
a) Optical image of a 10 mm tissue section from a soybean root nodule
infected with wild-type B. japonicum. b) Chemical image for the
[M++K]+ adduct of a PHB oligomer (n =9) (m/z =899.3353). c) Com-
bined image from (a) and (b). (Bottom panel) Stitched mass spectra
(200,m/z,300 and 300,m/z,4000) averaged over two tissue
sections show m/z peaks corresponding to oligomers of PHB (see
suggested molecular structure) with 1,n,45, where n is the number
of repeat units. The peaks are separated by 86.037 Da, which corre-
sponds to the mass of the repeat unit in brackets, C4H6O2. Inset
shows expanded mass spectrum in the range 3000,m/z,4000.

Figure 2. Comparison of average signal intensities for oligomers of
PHB with 1,n,21 repeat units from tissue imaging by NAPA-LDI-
MSI and MALDI-MSI. Ten serial sections were used for comparison (5
for each method).
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ducibility and higher analyte-to-matrix ratios per spot that, in
some cases, may translate into raised analytical sensitivity
compared to the former method.[44] Upon absorption of some
of the incident photon energy, the matrix volatizes along with
a relatively small amount of analytes from the tissue surface,
forming a desorption plume consisting of ions and neutrals.
The different physical properties of the matrix-tissue system
obtained by spray-based deposition and sublimation may
explain the differences in molecular coverage between the
two methods for PHB oligomers as observed here and other
biomolecules.[14, 45]

In NAPA, the laser radiation reaches the nanoposts after
penetrating the tissue, causing their surface temperature to
rise sharply. Some of the thermal energy in the nanoposts is in
turn transferred to the tissue on top, causing a significant
amount of the tissue to volatize. In NAPA, the formation of
alkali metal adducts is favored, as biological tissues often
contain significant amounts of alkali metals (e.g., K). Field
enhancement at the silicon nanopost tips facilitates ioniza-
tion. Thus, the absence of a matrix in NAPA, combined with
a significantly higher amount of desorbed material compared
to MALDI, may result in the formation of higher amounts of
metal adducts, including for oligomers of PHB. In a previous
study, we performed MALDI-MSI of soybean root nodule
tissue sections infected with wild-type B. japonicum using
a high performance MALDI ion source fitted to a 15 Tesla
FT-ICR mass spectrometer (Bruker, Daltonics).[43] In terms of
the lack of PHB oligomer coverage from these tissue samples,
the results were consistent with our current MSI experiments.
To expand the variety of matrix deposition methods, we
added another matrix application technique to this work.
Using an oscillating capillary nebulizer, we obtained similar
results indicating the lack of PHB coverage from the tissue. In
previous work, we used a commercial sprayer (HTX TM-
Sprayer), and the lack of coverage for PHB oligomers from
the tissue was consistent with the MALDI-MSI results from
this study.[43]

In addition to enhanced ionization of PHB oligomers
from tissue sections by NAPA compared to MALDI,
oligohexoses were detected and imaged exclusively by the
former (see Figure S5). Characteristic of oligohexoses, m/z
peaks separated by 162.053 Da (repeat unit C6H10O5) were
detected in the range 200,m/z, 2000, with 2,n, 12 (see
Figure 3).

As PHB is considered among the essential molecules to
the bacteroids during the symbiosis,[2] we investigated the
potential effects that may result from the impairment of PHB
biosynthesis in B. japonicum on the molecular composition of
root nodules. Thus, root nodules formed by G. max infection
with genetically modified rhizobia defective in PHB biosyn-
thesis, phaC B. japonicum, were analyzed by NAPA- and
MALDI-MSI. NAPA-LDI-MSI analysis of tissue sections
from these samples indicated the absence of oligomers of
PHB from the tissue, as the corresponding m/z peaks were not
present in the spectra (see Figure S6).

MALDI-MSI of tissue sections harboring the mutant
strain revealed the presence of new oligomers from a different
biopolymer, PGA, that were not detected by NAPA (see
Figure 4). In the MALDI spectra, m/z peaks separated by

129.043 Da corresponded to protonated, sodiated, and potas-
siated oligomers of PGA with repeat units 1, n, 15 in the
range 200,m/z, 2000. In the corresponding MALDI im-
ages, oligomers of PGA distributed throughout the infection

Figure 3. NAPA-LDI-MSI of oligohexoses in soybean root nodule
sections. Left panel: NAPA mass spectrum taken from one pixel in the
uninfected outer cortex indicated by the white arrowhead in the
chemical image (bottom right panel) of a 10 mm tissue section from
a soybean root nodule infected with wild-type B. japonicum. The
spectrum shows m/z peaks corresponding to sodiated oligohexoses
with 2,n,12. The peaks are separated by 162.053 Da, which
corresponds to the mass of the repeat unit, C6H10O5, with hydrogen
and hydroxyl end groups. Top right panel shows an optical image of
the imaged tissue section. Bottom right panel displays the spatial
distribution for a sodiated oligohexose (green) with n = 7 in the outer
(white arrowhead) and inner (black arrowhead) cortex. The spatial
distribution for an oligomer of PHB with n= 11 (red) is included for
comparison with the localization of oligohexoses.

Figure 4. Comparison between MALDI- and NAPA-LDI-MSI of soybean
root nodule sections infected with phaC B. japonicum. a,c) Optical
images of 10 mm sections from soybean root nodules infected with
phaC B. japonicum. b,d) Chemical images for protonated PGA (n =7)
(m/z 922.3171) produced by MALDI-MSI and NAPA-LDI-MSI, respec-
tively. e) Spectral comparison of NAPA-LDI-MSI and MALDI-MSI of
root nodule tissue sections infected with phaC B. japonicum. The
difference in mass between the peaks in the MALDI spectrum,
Dm =129.043 Da, corresponds to the repeat unit (structure shown in
brackets) of PGA. The ion intensities in both images are scaled to the
values displayed on the color scale. Scale bars = 1 mm.

Angewandte
ChemieResearch Articles

9074 www.angewandte.org T 2021 Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 9071 – 9077

http://www.angewandte.org


zone, inner and outer cortex of the tissue section (see
Figure 4). These oligomers were absent in the spectra of root
nodules infected by wild-type B. japonicum.

Examining the chemical images, the detected oligomers of
PHB appeared localized in the infection zone, where bacte-
roids grew and fixed atmospheric nitrogen (see Figure 1). This
is consistent with previous transmission electron microscope
images that showed the presence of PHB granules inside the
bacteroids.[46] To our knowledge, simultaneous chemical
analysis and imaging of PHB oligomers in biological tissues
has not been previously reported. Additionally, the spatial
distributions for the oligomers appeared heterogeneous
throughout the infection zone (see Figure 1 and Figure S7).
Particularly, the oligomer ion intensities for 1,n, 22
appeared higher in the central region of the infection zone,
and gradually dropped towards its peripheral areas (see
Figure 1 and Figure S7). For example, for n = 11 and n = 4, the
average ion intensities in the central region of the infection
zone were & 32% and & 37 % higher than in the peripheral
areas, respectively (see Figure S7).

The observed spatial distributions of PHB oligomers in
the NAPA images may be explained by the heterogeneity of
the tissue at the cellular level. Cellular heterogeneity can
manifest in varying levels of biomolecules between individual
cells and has been proposed in characterizing the molecular
complexity of soybean root nodules both at the tissue and
single-cell levels.[43, 47,48] In the infection zone, infected cells
within the central region may synthesize larger amounts of
PHB for better adaptation to their microenvironment. In this
region, it has been shown that free oxygen levels are minimal
due to diffusion resistance by the outer surrounding cell
layers.[49, 50] Under such conditions, PHB biosynthesis may
play a more critical role in redox control in cells occupying
this region.[4,51, 52]

The spatial distributions of larger PHB oligomers (e.g.,
23, n, 45) exhibited a patchy pattern throughout the
infection zone, with “hot spots” that were separated by
zero-intensity areas (see Figure 5). In some of the hot spots,
the oligomer size distribution exhibited greater Mn than other
areas in the infection zone. For example, based on the average
oligomer ion intensities in regions 1 and 2 (see Figure 5), the
oligomer size distributions exhibited Mn of 853 Da and
1059 Da, respectively. The difference in oligomer size distri-
butions in certain regions may be explained by potentially
different ratios of PHB biosynthesis to catabolism, and,
consequently, different degree of polymerization in the
bacteroids. For example, areas that exhibited relatively
greater Mn for PHB oligomers (see region 2 in Figure 5)
might contain bacteroids that synthesized larger oligomers for
long term storage, whereas regions with lower Mn stored
smaller ones that were easier to mobilize for transport.

To rule out other sources of spatial heterogeneity, Fig-
ure S8 compares the spatial distributions of PHB (n = 33, m/z
2965.1895), an unknown ion at m/z 2200.6781,
[PE(16:0_18:2) + 2K@H]+ (m/z 792.4343), and [PE(34:1) +

2K@H]+ (m/z 794.4464), produced by NAPA-MSI in the
same tissue section. This comparison indicates that the
observed high intensity spots in the spatial distribution for
PHB (n = 33) are not caused by nanopost coalescence, as such

intensity variations do not appear in the other chemical
images shown in Figure S8. The diminishing ion intensities at
higher m/z can also be excluded as an explanation because of
the observed uniformity of the ion intensity distribution at m/
z 2200.6781.

Chemical images for other ions, particularly, certain lipid
species, were also recorded by NAPA-MSI, revealing poten-
tial correlations between their spatial distributions and the
corresponding biosynthesis sites. PEs differing in the fatty
acid chain length and degree of unsaturation, as identified by
tandem MS (see Figure S9), exhibited different spatial
distributions (see Figure S10). For example, whereas
[PE(16:0_18:2) + 2K@H]+ (m/z 792.4343) distributed in the
outer cortex and infection zone, [PE(18:1_18:1) + 2K@H]+

(m/z 820.4695) was localized exclusively in the latter (see
Figure S10). This suggested that PE(16:0_18:2) was likely
synthesized by the plant cells as part of their membranes, and
was incorporated in the symbiosome membrane,[53] a compo-
nent of plant-cell origin, during cell invasion by the micro-
symbionts, thus appearing in both the outer cortex and
infection zone. Conversely, PE(18:1_18:1) was likely synthe-
sized by the bacteroids, thus distributing exclusively in the
infection zone. Indeed, B. japonicum has been shown to
contain large amounts of the mono-unsaturated fatty acid
18:1.[54] Additionally, different digalactosyldiacylglycerols
(DGDGs) exhibited varying spatial distributions (see Fig-
ure S10). For example, whereas [DGDG(34:3) + K]+ (m/z
975.5467) distributed in the infection zone, inner and outer

Figure 5. Oligomer size distributions for PHB with 2,n,33 in two
different regions of the same tissue section obtained from NAPA-LDI-
MSI. NAPA images are shown for PHB (n = 3) and PHB (n =33) in the
same soybean root nodule tissue section infected with wild-type
B. japonicum. Optical image of the tissue section is presented in blue.
The histograms in the bottom panel display the oligomer size
distributions in regions 1 (dashed box) and 2 (straight-line box) in
gray and red, respectively. Scale bars = 1 mm.
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cortex, [DGDG(18:3_18:3) + Na]+ (m/z 959.5734) was ob-
served in the latter only (see Figure S10). DGDGs are known
to be localized in chloroplast membranes in plants under
normal growth conditions, and can become components of the
cell membrane during phosphorus deprivation.[55] Thus, the
localization of DGDGs in the infection zone, inner and outer
cortex of root nodules suggests an upregulation in their
biosynthesis as a means of balancing phosphorus usage for
other cellular processes during nitrogen fixation, e.g., adeno-
sine triphosphate (ATP) synthesis.[56]

The reasons behind the detection of PGA exclusively in
tissue sections harboring phaC B. japonicum, its spatial
distribution, and physiological role are not entirely clear.
PGA is known to be synthesized mostly by gram-positive
bacteria and a few gram-negative species,[57] but, to our
knowledge, there have been no reports of PGA biosynthesis
in B. japonicum. In some bacteria, PGA has been shown to
have various physiological functions, including defense
against antimicrobial peptides, providing a rich carbon source,
sequestering toxic metal ions, improving the absorption of
essential nutrients, biofilm formation, and protection against
other adverse conditions.[57] In some symbiotic soil bacteria
that interact with plants, e.g., Bacillus subtilis, root coloniza-
tion positively correlates with PGA biosynthesis.[57, 58] The
detection of PGA exclusively in root nodules infected with
phaC B. japonicum raises the possibility that PGA may be
synthesized by the bacteroids as an alternative biopolymer to
restore some of the biological functions of PHB, e.g., carbon
and energy storage.

Conclusion

In conclusion, the complementarity between NAPA-LDI-
MSI and MALDI-MSI in chemical imaging of oligomers from
three different biopolymers, PHB, PGA, and polysaccharides
in infected plant tissue sections was demonstrated. NAPA-
LDI-MSI was shown to provide higher ionization efficiency
and wider repeat unit range coverage for oligomers of PHB
and polysaccharides from the tissue compared to MALDI-
MSI, whereas oligomers of PGA were only imaged by the
latter. Complementary application of NAPA-LDI and MAL-
DI for MSI of biological homopolymers provides new insight
into the storage of energy and molecular feedstock by various
organisms. As NAPA-LDI has been demonstrated to exhibit
advantages in detecting and imaging compounds that are
suppressed in MALDI, e.g., PHB and neutral lipids,[38, 39] the
complementarity of the two platforms in MSI put forth
promising applications in the biomedical and clinical areas.
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Experimental Section 

Fabrication of NAPA Imaging Chips. The nanofabrication of NAPA chips has been previously 

described.[1-2] Briefly, high-conductivity p-type silicon wafers (Silicon Valley Microelectronics, 

Inc., Santa Clara, CA) were used to fabricate silicon nanoposts with post dimensions of 1100 nm 

in height, 150 nm in diameter, and a periodicity of 337 nm using deep ultraviolet projection 

lithography (DUV-PL) followed by deep reactive ion etching (DRIE). 

 

Preparation of PHB standard for NAPA- and MALDI-MS. Poly(R)-3-hydroxybutyric acid 

(Polysciences, Inc., PA, USA, catalogue no. 16934), with an average molar mass of ~2000 Da and 

a polydispersity (Đ),  1.1 ≤ Đ ≤ 1.4, determined by GPC, was used as a standard for analysis by 

NAPA-LDI-MS and MALDI-MS. For NAPA-LDI-MS, the PHB standard was dissolved in 

chloroform to make 0.1 mg/mL solution, and 1 µL aliquots of the resulting solution were directly 

deposited onto NAPA wells. After drying, 250 nL aliquots of 100 nM KCl solution in water were 

spotted onto the NAPA chips to facilitate ionization. For MALDI-MS, sample preparation was 

based on a previous protocol for MALDI analysis of purified polyhydroxyalkanoates.[3] In brief, 

several matrices, including sinapic acid, 2-(4-hydroxyphenylazo) benzoic acid (HABA), α-cyano-

4-hydroxycinnamic acid (CHCA), 9-aminoacridine (9-AA), and 2, 5-dihydroxybenzoic acid 

(DHB), were tested for MALDI-MS of the PHB standard. Depending on their solubility, the 

matrices were dissolved in either methanol or 2:1 methanol:chloroform  to form 10 mg/mL 

solution. A mixture of the matrix solution and 0.1 mg/mL PHB solution in chloroform was 

prepared in a matrix-to-standard ratio of 5:2, and acidified (0.1% formic acid) KCl solution in 

methanol was added to a final concentration of 100 nM. Finally, 1 µL aliquots of the resulting 

matrix-standard mixture were deposited onto a stainless steel MALDI plate and left to air-dry.  
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Polydispersity calculation. Calculation of the number average molar mass, Mn, weight average 

molar mass, Mw, and Đ (Mw/Mn) for PHB oligomers was performed based on a previously 

described approach.[4] Briefly, the intensities (approximated by the peak heights) for m/z peaks of 

different adducts were summed to represent the relative abundance, Ai, of the corresponding ith 

PHB oligomer. The resulting Ai were plotted as a function of the corresponding oligomer molar 

mass, Mi, to produce the oligomer size distribution observed in NAPA and MALDI. The 

distributions were then characterized by 𝑀 ൌ ∑𝐴𝑀/∑𝐴, 𝑀௪ ൌ ∑𝐴𝑀
ଶ/∑𝐴𝑀, and 

Đ = Mw/Mn.[4] To capture the spatial variations of the PHB oligomer size distribution in the imaged 

tissue sections, NAPA mass spectra across the interrogated region were averaged, and Ai, Mi, Mn, 

Mw, and Đ were determined as described above.  

 

B. japonicum strains and cultures. Culturing of wild-type B. japonicum USDA110 strain was 

fully described in a previous publication.[5] B. japonicum strain defective in PHB biosynthesis 

(phaC) was cultured as described previously.[6]    

 

G. max growth and inoculation with B. japonicum. G. max seed germination and plant growth 

were fully described in a previous publication.[5] Briefly, G. max seeds of ‘Williams 82’ were 

inoculated with 500 µL of a prepared solution containing either wild-type or B. japonicum phaC 

mutant cells and placed in a growth chamber (Percival E36HO, Percival Scientific, Perry, IA, 

USA) at 26 °C for 16 hours of light, and 24 °C for 8 hours in the dark, and relative humidity at 55 

%. To avoid cross-contamination between the two different bacterial strains, the inoculated seeds 

were grown separately, and the growth chamber was sterilized with 50 % bleach solution and 70 % 
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ethanol between the two separate growth periods. Every three days, the growing plants were 

supplied with nitrogen-free “B & D” medium.[7]  

 

Preparation of root nodule tissue sections for MSI. Tissue section preparation from soybean 

root nodules was described in a previous publication.[5] Briefly, after 21 days of growth, inoculated 

soybean plants were removed from the potting material and the roots were rinsed with water to 

remove vermiculite and perlite. The nodules were then gently removed from the roots in liquid 

nitrogen and stored at -80 °C to preserve the sample integrity. For MSI, root nodules were 

embedded in 2.5% carboxymethylcellulose (CMC) and cooled in a cryostat microtome (CM1800, 

Leica Microsystems Inc., Nussloch, Germany) at -18 °C until the embedding medium was frozen. 

Cryosections 10 µm in thickness were prepared and thaw-mounted onto NAPA imaging chips or 

Superfrost Plus microscope slides (Fisher Scientific, Hampton, NH, catalogue no. 12-550-15) for 

NAPA or MALDI analysis, respectively, and placed in a vacuum desiccator for ~ 30 minutes 

before analysis.  

For MALDI-MSI experiments, DHB and 9-AA were used as matrices. The former was 

used for positive ion mode analysis, whereas the latter was used for both positive and negative ion 

mode analyses. Additionally, to enhance the ionization of polymers in MALDI-MSI of some of 

the tissue sections, potassium chloride and sodium acetate were added to the matrix solution to a 

final concentration of ~100 µM. The matrices were applied to the sections by sublimation or 

spraying, and the latter was accomplished using either an airbrush or an oscillating capillary 

nebulizer. Matrix spraying with an airbrush and an oscillating capillary nebulizer has been 

described previously.[8-9] Briefly, for coating samples with an airbrush, a Paasche airbrush TS-

100D (Chicago, IL) was used to spray 100 mg/mL DHB in methanol onto the dry sections, with 
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20-25 cycles alternating between spraying for 10 s and a 30 s drying period. For matrix spraying 

with an oscillating capillary nebulizer, an Aztek A470 airbrush (Testors, Vernon Hills, IL) was 

modified to thread a fused silica capillary (inner diameter 100 µm) through the spray nozzle. The 

matrix solution, in this case, 12.5 mg/mL 9-AA in 90% methanol supplied with ~100 µM of KCl 

and CH3COONa, was delivered into the capillary using a syringe (1750TLL, Hamilton Co., Reno, 

NV) and a syringe pump (KS100, KD Scientific, Holliston, MA). The tissue section was placed 

∼17 cm below the airbrush nozzle, and the matrix solution was pumped at a rate of 47 µL/min. 

Ultrapure nitrogen was used as the nebulizing gas at a pressure of 276 kPa (40 psi), and a total of 

140 µL of the matrix solution was sprayed. For matrix application by sublimation, a Pyrex petri 

dish was placed in a vacuum chamber that was heated to 140 °C by immersing its base in a pre-

heated sand bath. A volume of 1 mL of DHB in methanol (100 mg/mL) was added to the petri 

dish. The tissue sections on the microscope slides were positioned ~ 1.5 cm from the surface of 

the dish, and the surface of the microscope slide was cooled by placing a 10 mL glass beaker 

containing ice slush on the back side of the slide. The air pressure in the vacuum chamber was 

reduced using a vacuum pump, and the matrix was allowed to sublime for ~ 7 minutes. 

Alternatively, the matrix was sublimed by heating at 140 °C using the same setup without applying 

a vacuum.  

 

MS data acquisition. All experiments were performed on a MALDI-LTQ-Orbitrap XL mass 

spectrometer (Thermo Scientific, San Jose, CA) equipped with a nitrogen laser emitting radiation 

at 337 nm with a repetition rate of 60 Hz, and a focal spot size of ~100 μm×80 μm. The mass 

resolving power was set to 30,000 for all MS experiments.  
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For MS analysis of PHB standard, a laser fluence of 60 mJ/cm2 and 3 laser shots/scan were 

used for NAPA-LDI-MS, whereas a laser fluence of 16 mJ/cm2 and 10 laser shots/scan were used 

for MALDI-MS. For both methods, due to a drop in the instrument sensitivity for acquisition over 

broad m/z ranges, the scanned ranges were divided into 275 ≤ m/z ≤ 2000 and 2000 ≤ m/z ≤ 4000. 

The low m/z boundary, m/z = 275, was selected based on high spectral interference from the matrix-

related peaks below this value. The peak intensities in the high-mass range were normalized to the 

base peak in the lower-mass range, and the two spectra were stitched.  

For NAPA-LDI- and MALDI-MSI of biological tissue sections, laser fluences of 

112 mJ/cm2 and 28 mJ/cm2 were used, respectively, with 10 laser shots per scan for both MSI 

techniques. A raster step size of 100 µm was used throughout tissue imaging for both platforms. 

The acquisition ranges were set to 200 ≤ m/z ≤ 2000, and 300 ≤ m/z ≤ 4000 for capturing and 

imaging larger biooligomers. For MALDI-MSI in negative ion mode, the same laser fluence, 

number of laser shots per scan, and raster step size were used as in positive ion mode. The m/z 

range in the negative-ion mode was set to 200 ≤ m/z ≤ 3000. The automatic gain control (AGC) 

was turned off and the injection time was set to 50 ms during all MSI experiments to keep the 

number of laser shots per pixel constant. Reported absolute ion intensities indicate the ion counts. 

 

 

 

 

 

 



S6 
 

 
 
Figure. S1. Stitched mass spectra obtained from PHB standard analysis by positive ion mode 
NAPA-LDI-MS and MALDI-MS. Spectra were acquired in two separate m/z ranges, 
275 ≤ m/z ≤ 2000 and 2000 ≤ m/z ≤ 4000. The mass difference (86.037 Da) between the m/z 
peaks corresponds to the repeat unit shown in brackets in the inset, with the molecular formula 
C4H6O2. [M+K]+ (*) and [M+2K-H]+(†)  ions were both abundant in the NAPA spectrum, 
whereas for MALDI, all peaks corresponded to [M+K]+ and [M+Na]+ adducts. The displayed 
molecular structure, consistent with the measured m/z values, shows the suggested end groups 
and the repeat unit in brackets, where in the m/z range shown above, 1 ≤ n ≤ 45. The absolute 
ion intensities (counts) for the base peaks in the NAPA and MALDI mass spectra were 1.44×107 
and 1.48×107, respectively. 
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Figure S2. PHB oligomer size distribution obtained from NAPA-LDI-MSI of an entire tissue 
section from a soybean root nodule infected with wild-type B. japonicum, with Mn ≈ 1043 Da, 
Mw ≈ 1462 Da, and Đ ≈ 1.40. 
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Figure S3. MALDI-MSI of a soybean root nodule tissue section infected with wild-type B. 
japonicum and sprayed with DHB using an airbrush. A representative MALDI mass spectrum 
is displayed with a few annotated m/z peaks. Metabolites and lipids were detected (see mass 
spectrum) and imaged (see example in bottom chemical image in right panel), whereas PHB 
oligomers were absent from the spectrum and the corresponding chemical image (see middle 
chemical image in right panel). 
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Figure S4. MALDI-MSI of soybean root nodule tissue sections infected with wild-type B. 
japonicum and sprayed with 9-AA containing salt additives using an oscillating capillary 
nebulizer. Top panel shows MALDI spectra averaged over entire tissue sections in (a) positive 
and (b) negative ion mode. Peaks corresponding to PHB oligomers are missing in both spectra. 
Bottom panel shows optical images of the tissue sections prior to MALDI imaging and chemical 
images for (a) an unknown ion at m/z = 2217.1645 that is localized exclusively in the infection 
zone (where PHB oligomers have been shown to localize), and (b) [PE(32:5)+K-2H]- (red) and 
(soyasaponin II−H)- (green). 

 

 

 

   



S10 
 

Figure S5. Comparison between NAPA-LDI-MSI and MALDI-MSI of soybean root nodule 
sections infected with wild-type B. japonicum. (a) Spectral comparison of MS scans averaged 
across the entire tissue region obtained by NAPA-LDI-MSI (top panel) and MALDI-MSI by 
matrix sublimation (bottom panel). (b) Optical images (left column) of root nodule sections before 
analysis by NAPA-LDI-MSI (top panel) and MALDI-MSI with DHB sublimation (bottom panel). 
Middle and right columns show chemical images for an oligomer of PHB (n = 12) and 
oligohexose (n = 8), respectively, produced by NAPA-LDI-MSI (top panels) and MALDI-MSI 
with DHB sublimation (bottom panels). The ion intensities in both the NAPA and MALDI images 
are scaled to the values displayed on the corresponding color scales. 
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Figure S6. Comparison between NAPA-LDI-MSI of soybean root nodule sections infected with 
wild-type vs. phaC B. japonicum. Optical images of 10 µm sections from soybean root nodules 
infected with a) wild-type and b) phaC B. japonicum. Chemical images for PHB oligomer (n = 
9) (m/z 899.3353) produced by NAPA-LDI-MSI of root nodule sections infected with c) wild-
type and d) phaC B. japonicum. e) Spectral comparison of NAPA-LDI-MSI scans averaged 
across the entire tissue region in the two different samples. The ion intensities in both images 
are scaled to the values displayed on the color scale. Scale bars = 1 mm. 
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Figure S7. Heterogeneity of spatial distributions for 2 PHB oligomers (n = 11 and n = 4) in 
infection zone of root nodule tissue sections analyzed by NAPA-LDI-MSI. The top chemical 
images display the spatial distributions for PHB (n = 11) and PHB (n = 4) in the same tissue 
section taken from two conjoined root nodules (labeled ‘1’ and ‘2’). Optical image of the outer 
cortex is colored in blue. The bottom box-and-whisker plots compare the average ion intensities 
for PHB (n = 11) (left) and PHB (n = 4) (right) in the central (white box) and peripheral (white 
dashed box) regions of the infection zones measured in 8 serial root nodule tissue sections.  
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Figure S8. Comparison of spatial distributions of PHB (n = 33, m/z 2965.1895), an unknown 
ion at m/z 2200.6781, [PE(16:0_18:2)+2K-H]+ at m/z 792.4343, and [PE(34:1)+2K-H]+ at 
m/z 794.4464 produced by NAPA-MSI in a tissue section. 
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Figure S9. Identification of fatty acids, degree of unsaturation, and head groups for three lipids 
from soybean root nodules infected with wild-type B. japonicum using NAPA-LDI-MS2 and -
MS3. NAPA-LDI-MS2 of a) [PE(16:0_18:2)+2K−H]+ (m/z 792.4343), b) 
[PE(18:1_18:1)+2K−H]+ (m/z 820.4695), and c) [DGDG(18:3_18:3)+Na]+ (m/z 959.5734) (left 
panel). NAPA-LDI-MS3 of [DGDG(18:3_18:3)+Na]+ is shown in the right panel, where the 
precursor ion corresponds to the base peak in the MS2 spectrum in the left panel. The sn-
isomerism, E/Z isomerism, and double bond positions in the fatty acid chains were not verified 
but are shown here to represent the fragmentations that are consistent with the observed MS2 
and MS3 spectra. 
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Figure S10. NAPA-LDI-MS images for four lipid ions in the same analyzed soybean root 
nodule tissue section infected by wild-type B. japonicum. Spatial distributions for a) 
[PE(16:0_18:2)+2K−H]+ (m/z 792.4343), b) [PE(18:1_18:1)+2K−H]+ (m/z 820.4695), c) 
[DGDG(34:3)+K]+ (m/z 975.5467), and d) [DGDG(18:3_18:3)+Na]+ (m/z 959.5734). Optical 
image of tissue section is false colored in blue. Scale bars = 1 mm.   
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  NAPA MALDI (DHB) Vendor dataa 

Mn (Da) 1206 1584 2000 

Mw (Da) 1573 1992 2200 ≤ Mw ≤ 2800 

Đ (Mw/Mn) 1.30 1.26 1.1 ≤ Đ ≤ 1.4 

aValues provided by vendor are based on GPC measurements. 
 

Table S1. Number- and weight-average molar masses and polydispersity data for a PHB 
standard recorded by NAPA-LDI-MS and MALDI-MS and the corresponding vendor specified 
values. 
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