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Introduction

Multidimensional mass profiles increase
confidence in bacterial identification when using
low-resolution mass spectrometers

Zachary J. Sasiene,® Erick S. LeBrun,? Nileena Velappan,® Austin R. Anderson,?
Nathan H. Patterson,” Martin Dufresne,® Melissa A. Farrow,” Jeremy L. Norris, °
Richard M. Caprioli,® Phillip M. Mach,? Ethan M. McBride (2 *® and Trevor G. Glaros*?

Field-forward analytical technologies, such as portable mass spectrometry (MS), enable essential capabili-
ties for real-time monitoring and point-of-care diagnostic applications. Significant and recent investments
improving the features of miniaturized mass spectrometers enable various new applications outside of
small molecule detection. Most notably, the addition of tandem mass spectrometry scans (MS/MS) allows
the instrument to isolate and fragment ions and increase the analytical specificity by measuring unique
chemical signatures for ions of interest. Notwithstanding these technological advancements, low-cost,
portable systems still struggle to confidently identify clinically significant organisms of interest, such as
bacteria, viruses, and proteinaceous toxins, due to the limitations in resolving power. To overcome these
limitations, we developed a novel multidimensional mass fingerprinting technique that uses tandem mass
spectrometry to increase the chemical specificity for low-resolution mass spectral profiles. We demon-
strated the method's capabilities for differentiating four different bacteria, including attentuated strains of
Yersinia pestis. This approach allowed for the accurate (>92%) identification of each organism at the strain
level using de-resolved matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) data to
mimic the performance characteristics of miniaturized mass spectrometers. This work demonstrates that
low-resolution mass spectrometers, equipped with tandem MS acquisition modes, can accurately identify
clinically relevant bacteria. These findings support the future application of these technologies for field-
forward and point-of-care applications where high-performance mass spectrometers would be cost-
prohibitive or otherwise impractical.

ing the source of infections. Without rapid and accurate bac-
terial typing, clinicians routinely prescribe broad-spectrum

Bacterial infections are one of the highest causes of mortality
in the world, representing the second leading cause of death
worldwide. In 2019, only 33 different bacterial pathogens
caused 13.6% of all global deaths." Increasing the speed and
accuracy of bacterial identification remains a high priority for
clinical researchers.”™* Timely identification of bacteria (both
genus and species) is vital for selecting effective treatment
options and patient outcomes.”” Time to answer represents
one of the biggest challenges facing clinicians when identify-

“Biochemistry and Biotechnology Group, Bioscience Division,

Los Alamos National Laboratory, Los Alamos, NM 87545, USA.

E-mail: mcbride@lanl.gov, tglaros@lanl.gov

"Mass Spectrometry Research Center, Vanderbilt University, Nashville, TN 37240,
USA

+ Current address: Bruker Scientific, Billerica, MA 01821.

3564 | Analyst, 2024, 149, 3564-3574

antibiotics to combat unclassified infections, leading to
increased rates of antimicrobial resistance (AMR), hospital
readmissions, and higher healthcare costs.®°

Classical methods for bacterial identification include
culture-based methods, e.g., Gram stain and biochemical
testing. More recently, chemical genotyping methods, e.g.,
polymerase chain reaction (PCR) and 16S rRNA, have been
used to identify bacteria with higher confidence.'>'? These
methods have been relied upon for decades and are simple
enough to be widely employed in clinical scenarios; however,
classical methods have certain limitations. Next-generation
sequencing and 16S sequencing methods have limited sample
throughput, at times requiring as much as several days to
deliver conclusive answers. Unfortunately, during an active
infection, time spent culturing bacteria and acquiring sequen-
cing results can be quite costly from a clinical treatment per-
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spective.’® Genotyping methods, while often faster and more
accurate than culture-based methods, are also impaired by the
inaccessibility of specialized laboratory personnel and con-
sumable kits. In addition to these methods, mass spec-
trometry (MS)-based methods have sharply increased in popu-
larity in recent years.'*'® Identifying and differentiating bac-
teria using mass spectral fingerprints has proven to be a
robust, high-throughput method in a clinical setting. The US
Food and Drug Administration (FDA) has approved several
commercial systems for clinical use, e.g., VITEK® MS and
Biotyper®.'®'” When applied to bacterial co-cultures and clini-
cal samples taken from complex sample matrices like urine
and blood, these methods have limited specificity. Still, bac-
terial identification from clinically relevant MS samples has
improved accuracy dramatically in recent years.'® >’

A standard analytical method for mass spectral fingerprint-
ing of bacteria is matrix-assisted laser desorption ionization
(MALDI) coupled to a mass spectrometer, e.g., time-of-flight
(TOF).** Enriched or cultured bacteria are often lysed before
analysis but can be analyzed as intact cells.?* Following lysis,
biomolecules within the bacteria, such as ribosomal proteins
and cell membrane lipids, are ionized by a laser firing at a
sample mixed with an energy-absorbing matrix. MALDI-TOF
MS is ideal for probing cellular contents for bacterial identifi-
cation as it utilizes ‘soft’ ionization that incurs minimal frag-
mentation of the biomolecules and produces minimal charge
states.”> > These instruments can also run hundreds of bac-
terial extracts simultaneously on the same target plate, facili-
tating clinically relevant sample throughput. Bacteria growth
conditions and MALDI plate preparation can substantially
impact the quality of the data collected from MALDI-TOF MS
experiments and how well bacteria can be identified and
differentiated.**® Like chemical genotyping techniques,
MALDI-TOF MS is often limited by the number of spectra in
databases available for spectral matching.>®*° However, the
output from these instruments can be acquired rapidly, and
the time to answer is often much shorter (¥minutes) com-
pared to other related techniques.*!

One of the significant obstacles to overcome for broader
acceptance of MS-based analysis is the need for instrumenta-
tion to be as close to the clinic as possible with the most sim-
plified sample preparation for the user. Accurate point-of-care
operation of a field-forward MALDI-MS would enable the most
rapid results, potentially increase the efficacy of prescribed
antibiotics, and drastically reduce the consumables required
for clinical bacterial identification and differentiation.'”*?
While commercial systems exist, these instruments are still
bulky, require significant capital, and rely heavily upon pro-
prietary libraries for identifications. Over the last five years,
instrument vendors have made considerable investments to
advance miniature, low-cost, portable mass spectrometers
equipped for applications in the biological detection space.
Many of these investments have been made by the United
States Department of Defense and integrated into commercia-
lized products, including the BioFlyte BioTOF™ z200 and
BaySpec Continuity™ and Portability™ miniature mass
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spectrometers. Despite progress, these portable systems still
struggle to confidently identify biological threats/pathogens
of interest, such as bacteria, viruses, and proteinaceous
toxins, primarily due to the lack of adequate mass
resolution.

Herein, we describe a new multidimensional mass finger-
printing technique that makes bacterial differentiation poss-
ible using low-resolution scans, including MS/MS or fragment
scans, for the analysis. These fragment scans allow individual
unresolved features in the full scan to be isolated and fragmen-
ted. These fragments detected in the MS/MS scans provide
additional molecular information previously hidden in the
original low-resolution MS" scan. In traditional MS analyses,
these scans typically require a narrow isolation window for the
precursor ion (~1-2 Da) as additional information for a single
peak of interest. This application aims not to identify any
specific peak or peptide of interest from which to base identifi-
cations. Therefore, we utilized wide MS/MS isolation windows
(=100 Da) for fragmentation akin to data-independent acqui-
sition (DIA) commonly used in proteomics. By concatenating
MS? scans collected from broad isolation windows with their
corresponding full MS" scan, a relatively rapid analysis can be
performed that includes MS' and MS/MS information across
the entire mass range (Fig. 1). These multidimensional compo-
site spectra facilitate bacterial identification with greater data
fidelity than MS' scans alone. To that end, we have
implemented this novel multidimensional scan technique to
differentiate several species and strains of bacteria, including
both Gram-positive and Gram-negative strains, from monocul-
ture to test the feasibility of this acquisition technique for use
in a clinical or field-forward setting.

Materials and methods
Bacterial growth and lysis for MALDI-TOF MS analysis

All organisms for this study (Table 1) were grown on the same
lot of tryptic soy agar plates with sheep blood (Fisher
Cat#221239). Each plate was split into three zones, and gener-
ous streaks of each bacterial strain were made on one plate.
Plates were incubated at 37 °C overnight under aerobic con-
ditions. An inoculating loop was used to scrap colonies from
the plate in two passes, and these colonies were resuspended
in 1 mL of ice-cold Optima™ LC/MS-grade methanol (Sigma
Aldrich, St Louis, MO, USA) in a 2 mL Eppendorf™ LoBind
microcentrifuge tube (Sigma Aldrich, St Louis, MO, USA). Each
tube was vortexed for thirty seconds and placed in a freezer at
—80 °C overnight to lyse. In addition, each tube was passed
through an 18G needle ten times to ensure lysis. These tubes
were then spun at 10 000g for 10 min in a cold centrifuge, and
the supernatant was removed to a fresh 2 mL tube. A small
aliquot was taken for BCA protein quantification and to test
for bacterial viability. This protocol was repeated for ten repli-
cates. Clarified lysed samples in methanol (x~400 pL) were
used for spotting onto MALDI plates.
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Fig. 1 Workflow for traditional MALDI-TOF bacterial identification (top), and similar workflow for the multidimensional scan technique with MS*

and MS/MS data (bottom). Image created in Biorender.

Table 1 All organisms and strains utilized for multidimensional

MALDI-TOF analysis

Species Strain Source
Escherichia coli DH5a Invitrogen
PUTI Clinical Laboratory, VU
CFT073 BEI Resources NR-2654
UTI89 Clinical laboratory, VU
Enterococcus faecalis CH19 BEI Resources NR-31990
Portland ATCC 29212
SF24413 BEI Resources NR-31971
Staphylococcus aureus USA300 BEI Resources NR-46070
NRS39 BEI Resources 45883
HT 20020396 BEI Resources 46054
Yersinia pestis A1122 BEI Resources NR-15
KIM 10+ BEI Resources NR-642
K25 BEI Resources NR-4703

MALDI-TOF-TOF MS analysis

Spotting was performed with 0.5 pL of Optima™ LC/MS-grade
water (Sigma Aldrich, St Louis, MO, USA) followed by 1.5 pL of
lysed sample and finally 0.5 pL of 4-(dimethylamino)cinnamic
acid (DMACA) MALDI matrix onto a stainless-steel target.
MALDI-TOF-TOF analysis was performed on an AB Sciex 4800
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MALDI TOF/TOF mass spectrometer. The instrument has a
355 nm wavelength Nd:YAG laser operating at a rate of 200 Hz.
MS' and MS/MS data were collected in positive and negative
polarity. The instrument was operated in linear mode for all
data acquisition. For all MS" data acquisition, the mass range
was set to m/z 200-1200, a focus mass of m/z 350, a laser inten-
sity of 2800 arbitrary units (a.u.), and a total number of shots/
spectrum of 400. MS/MS data were acquired in a data-indepen-
dent acquisition fashion with a lower isolation width of 100
Daltons (Da). The precursor values isolated were m/z 300, 400,
500, 600, 700, 800, 900, 1000, 1100, and 1200. For example, the
isolation width for m/z 300 was m/z 200-300. High-energy col-
lision-induced dissociation (HE-CID) MS/MS data for positive
and negative polarity were collected at an acceleration energy
of 1 keV, a laser intensity of 3800 a.u., and a total number of
shots/spectrum of 1000. After data acquisition, all data were
exported as .txt files for further processing. All strains were run
in three technical replicates with ten biological replicates.

QA/QC and data analysis

For spectra QA/QC, peaks within two standard deviations of
mean blank signal in individual spectra were removed for
denoising. Mass to charge values were de-resolved to 0.1 Da via
rounding to make peaks coherent at reasonable instrument
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resolution, and peaks observed in matrix background samples
were removed from representation in all bacterial samples.
The resulting data were binned at m/z by summing the density
of binned peaks to simulate low-resolution data, which would
be achievable using a miniaturized, low-cost mass spec-
trometry platform. Additionally, peak features not observed in
at least three samples were removed to increase confidence
and enhance statistical analysis of features. Given the dimen-
sionality of the data being collated together, each mass feature
was independently tagged not to confuse equal masses
obtained from different scans, e.g., negative mode, positive
mode, MS', or MS/MS scans. For all subsequent statistical ana-
lysis and model development, three composite datasets were
examined independently: (1) MS'-MS/MS composite negative
mode, (2) MS'-MS/MS composite positive mode, and (3) all MS
positive and negative mode composite data.

Data visualization and analysis were performed in R.*
Ordination data was visualized using the plotly version 4.10.1
package in R.***> MANOVA-type analyses PERMANOVA and
ANOSIM were performed using the vegan package version
2.6.4 in R.*>® Non-metric multidimensional scaling (NMDS) was
run using the vegan package in R. EnvFit ordination-based
models were generated using the vegan package in R. NMDS
ordinations for MS' and MS/MS comparisons as well as com-
posite datasets were performed using the Procrustes and
Protest functions in the vegan package in R. Optimal feature
binning associated with metadata was performed using the
opticut package version 0.1.2 in R.*” Opticut has a 3-tier
ranking for the strength of association; only the strongest tier
of association (“+++”) was considered in this analysis. Spectral
fingerprint figures were generated using the scatterplot3d
package in R.*® Heatmap fingerprints were generated using
the pheatmap package in R.* Bacterial strain fingerprint plots
were built using the scatterplot3d package in R.*®

Results and discussion
Choice of bacterial organisms

For this study, four strains of E. coli, three strains of E. faecalis,
three strains of S. aureus, and three strains of Y. pestis were
grown from culture and analyzed via MALDI-TOF MS (Table 1).
These bacteria represent Gram-positive and Gram-negative
strains and one BSL-3 surrogate. Several of these bacteria, such
as E. coli and E. faecalis, are some of the most common causes
of urinary tract infections (UTI), representing most hospital-
acquired infections in the United States and a significant
public health burden.”® Infections caused by S. aureus are also
a source of UTIs, and this pathogen is also a growing concern
for hospital-acquired infections and antibiotic resistance.*!
Although Y. pestis infections are rare, this pathogen represents
a significant biothreat; humans can become vectors for trans-
mission (pneumonic plague), it is endemic to the Southwest
region of the United States, mortality is significantly increased
only 24 hours after infection, and there are currently no
approved vaccines for treatment.*>** These bacterial strains
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can also possess varying antibiotic resistances and represent
pathogens very likely to be found in a clinical or bioterrorism
scenario in which field-forward detection and identification
are critical to patient outcomes.

Sample preparation and choice of MALDI matrix

Sample preparation for MALDI-TOF MS experiments begins
with choosing the correct extraction technique for the analyte
(s) of choice, e.g., proteins or lipids, within a bacterial sample.
To test the initial viability of our multidimensional scan tech-
nique for bacterial differentiation, we utilized bacteria grown
from culture; this represents similar conditions used to
prepare samples for other commercial MALDI-TOF MS systems
such as the Biotyper.** Although it is possible to transfer a
direct smear of bacteria from culture onto the MALDI plate,
this technique generally does not perform as well as lysing the
bacteria beforehand, especially for Gram-positive bacteria.*>*®
For most lysing protocols, optimization requires multiple iso-
lation and purification steps, and some of these, such as
biphasic extractions, may be too complicated and less reprodu-
cible in a point-of-care setting. Therefore, we performed a
simple, methanol-based extraction utilizing as few steps as
possible to determine the feasibility of a ‘universal’ sample
extraction along with the multidimensional scan technique.*’
Using a simplified methanol extraction is simpler, cheaper,
provides a desalting step, removes proteins, and allows the
lysate to contain the most diverse biomolecular constituents,
ultimately generating a rich molecular fingerprint that is not
solely dependent upon one analyte class. Methanol is also less
toxic than many biphasic reagents and represents a ‘greener’
solvent choice. In addition, the matrix chosen for this study,
DMACA, is known to perform well in both positive and nega-
tive ionization modes; this matrix property is critical to simpli-
fying data collection for both ionization modes from the same
sample. DMACA is also vacuum-stable, non-toxic, and relatively
inexpensive.”® Some limitations for our sample preparation
include the necessity for —80 °C overnight lysis and reliance
on some centrifugation that may not be available in many
smaller clinics. However, as a proof-of-principle these rep-
resent possibilities for future improvements to the current
methods.

Generation of the multidimensional mass fingerprint

One of the major limitations of almost all MALDI-MS analyses
for bacterial identification and differentiation is the reliance
solely on MS" scans.”® This limitation is especially important
for mass spectral fingerprinting applications, as the specificity
of chemical information correlates to how accurately bacteria
can be identified and distinguished within complex back-
grounds such as biofluids. Accurate identification from these
data requires sufficient resolution and sensitivity across a
broad mass range to identify and differentiate bacteria based
on a full scan alone. However, these broadband MS" scans typi-
cally are biased by highly conserved protein sequences for
similar strains and only detect approximately 30-50 unique
features that can be assigned to proteins per spectrum, limit-
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ing the technique to only the differentiation of similar
strains.>® Although commercially available, high-resolution
MALDI-MS systems currently enable high-accuracy bacterial
identifications, these systems still require sample culture as
part of their sample preparation, which requires at least four
hours for the most rapid culturing.”* Furthermore, adding MS/
MS scans increases the number of features available for bac-
terial identification and differentiation.’® However, performing
fragment scans for an entire full scan is normally impractical
as MS/MS scans across the entire mass range of an MS' scan
produce highly convoluted data. This dearth of scan infor-
mation becomes especially important as real-world clinical
samples involve significant hurdles for sensitivity and speci-
ficity, including increased background signal, the presence of
multiple bacteria within a sample, and reliance on a proprie-
tary, well-curated database of spectra for comparisons.

Fig. 1 diagrams the workflow of the newly developed multi-
dimensional mass fingerprinting method for including MS/MS
data along with MS" scan data. First, a sample is interrogated
using a full MS" scan across the entire mass range (200-1200
Da). For each subsequent fragment ion scan, this mass range
is split into 100 Da isolation windows (200-300 Da, 300-400
Da, etc.) for a single MS/MS scan in which the entire window
undergoes fragmentation. During post-processing, the MS/MS
scans are combined into a single dataset along with the orig-
inal MS" scan, associating the original isolation window from
the MS' scan with each discrete MS/MS scan. Because of the
relative speed at which these eleven scans (full MS" scan with
ten fragment ion scans) are collected, samples can be pro-
cessed rapidly, and technical replicates can be taken for both
MS"' and MS/MS scans in each sample. Determining what data
is required to achieve strain-level differentiation is critical, so
we have performed proof-of-concept MALDI analyses from
monocultures in both positive and negative modes with MS"
and MS/MS scans.

Data post-processing and quality control

During preliminary data visualization in NMDS, two negative
mode samples, one from E. coli PUTI and one from E. faecalis
SF24413, were observed to be clear outliers and removed from
all data sets for the downstream analysis. In total, 372 samples
were used for the analysis as these samples coherently pos-
sessed all four data types, including positive mode, negative
mode, MS', and MS/MS. A total of 72 318 reliable m/z features
remained across 372 samples post-processing.

Strain-level differentiation

Heat map features from the multidimensional MS' and MS/
MS data analysis at both the species (Fig. 2A) and strain
(Fig. 2B) levels indicate clear distinctions between the cultured
bacteria. The strength of the association of these features is
seen from the optimal binning analysis (Fig. 2C and D). The
LogLR scale for these features, in which any values >2 indicate
a strong association, reaches maximum values of approxi-
mately 200 and 600 for the most distinctive features of species
and strain, respectively. Incorporated within these plots at the
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species level, 19282 significant features were found statisti-
cally, including 7690 positive mode and 11 599 negative mode
features. These consisted of 6288 MS' features and 13 001 MS/
MS features. At the strain level, 11 856 features were found,
including 7121 positive mode and 4735 negative mode fea-
tures. These consisted of 1740 MS" and 10 116 MS/MS features.
There were approximately two to six-fold as many MS/MS fea-
tures per identification level; the Procrustes analysis from
Table 2 indicates that as much as 69% of new relational infor-
mation may come from MS/MS in positive mode and as much
as 35% of new relational information from MS/MS in negative
mode. Procrustes analysis considers the similarity of two data
sets, with values indicating a percentile of similarity which can
indicate how much new information is gained by adding the
second data set. Taken together, these data indicate that
although the positive mode contains less information than the
negative mode for the mass range in the current study, includ-
ing both scan modes with multidimensional scan data can
provide significant enhancements in the encoded chemical
information that can be used to build classification models. As
the applications of this approach move from well-defined
culture conditions to more clinically relevant samples with
more complex biofluids, including these data will be crucial to
maintaining the statistical power of this approach at lower
resolving power.

MANOVA-type analysis using PERMANOVA and ANOSIM
showed significant differences at both the species and strain
levels for positive and negative mode data, with test statistics
generally improving for the composite data set (Table 2).
Discrete EnvFit models were also significant for all data sets
and data resolutions, with the models for species and strain
on the composite data set having * values of 0.75 and 0.95,
respectively (Table 2). It is interesting to note that the analysis
and modeling both point to a more robust delineation of fea-
tures at the strain level than at the species level; this is atypical
of taxonomic identification results in biological studies, where
it is usually easier to identify organisms at higher taxonomic
levels. This finding suggests that agnostic features detected in
multidimensional scans are highly strain-specific, with hyper-
variability observed between strains of the same species
(Fig. 2). This hypervariability could be of benefit in the future
to this multidimensional technique for matrices such as urine
that can dominate the MS" feature space.

To better visualize the differences between the ionization
modes, non-metric multidimensional scaling (NMDS) plots
were constructed (Fig. 3). All ordinations were run at k = 3
with acceptable stress levels ranging from 0.02 to 0.10. It can
be observed visually that negative mode-only (Fig. 3B) pro-
vides better separation amongst the strains than for positive-
mode only (Fig. 3A), consistent with the findings of Table 2.
However, even for negative mode-only data, there is still sig-
nificant overlap between strains, particularly for the E. coli
and S. aureus strains. Once both ionization modes are com-
bined (Fig. 3C), the separation between strains becomes
stronger, and pairwise ANOSIM values drastically improve
(Table 2).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Heat maps for features unique to species (A) and strain (B), with corresponding LogLR plots for species (C) and strain (D).

Table 2 Summary of statistical analysis performed based upon data-

source level

Statistical result

Ionization mode(s) Test statistic  ID level (0.1 Da, (p = 0.001))
Positive mode ANOSIM Species R=0.429
Strain R=0.682
PERMANOVA Species F=35.94
Strain F=34.25
EnvFit Species ”=0.293
Strain 7 =0.699
Procrustes MS vs. 0.310
MS/MS
Negative mode ANOSIM Species R=0.649
Strain R=0.749
PERMANOVA Species F=131.44
Strain F=108.71
EnvFit Species = 0.692
Strain = 0.960
Procrustes MS vs. 0.652
MS/MS
Positive and ANOSIM Species R=0.720
negative modes Strain R=0.938
PERMANOVA Species F=92.87
Strain F=282.03
EnvFit Species 7 =0.750
Strain 7 =0.954
Procrustes MS vs. 0.539
MS/MS

This journal is © The Royal Society of Chemistry 2024

To visualize the sum of these data three-dimensionally as a
multidimensional ‘fingerprint’, the multidimensional scans
have been combined with their associated LogLR values (Fig. 4).
This graphical scheme depicts the MS" full scan on the x-axis,
as well as the ten MS/MS windows on the z-axis. The strength of
association for these features for each strain is indicated by the
magnitude of the LogLR values on the y-axis. This graph also
displays both positive and negative mode data together as separ-
ate colors. Fig. 4 shows how easily these strains can be distin-
guished from one another by visual inspection of all the
included data for three strains of Y. pestis. It should be noted
that the features shown are those that are deemed meaningful
based on the optimal binning analysis rather than all of the
peaks associated with each organism. Therefore, when moving
from the MS' axis to the MS/MS axis, there are some features
that appear in multiple strains that are statistically removed
based upon being common amongst the strains. This can give
the appearance of MS/MS features with no corresponding MS"
counterpart when MS/MS peaks are meaningfully unique to an
organism while the related MS" peak is not. There are far fewer
positive mode features compared with negative mode for the
entire dataset; however, based on the LogLR values from Fig. 4,
the unique positive peaks associate quite strongly with their
designated strain. This also explains the Procrustes values from
Table 2 in which the correlation between MS', MS/MS, positive,
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EnvFit (strain) = 0.94 (p=0.001)

Fig. 3 Non-metric multidimensional scaling (NMDS) plots and ANOSIM/EnvFit values for positive (A) and negative (B) ionization modes, along with

both modes combined (C).

and negative mode data sets range between 0.2576 and 0.6245;
each data set contributes a meaningful portion of new infor-
mation to the final composite data set for bacterial differen-
tiation. Negative mode data contributes the most information to
the final composite dataset, with 87% of the relational infor-
mation in the final dataset able to be captured in the negative
information alone (protest correlation = 0.873), while positive
mode data captures just 55% of the relational information in
the final dataset (protest correlation = 0.558). The negative MS/
MS dataset is the most important individual contributor, with a
protest correlation of 0.808.

3570 | Analyst, 2024, 149, 3564-3574

As this type of work naturally progresses from monocultures
to co-cultures and then environmental and clinical biofluid
samples, environmental confounding effects and increased
background contributions will become more pronounced. It is
anticipated that the contributions of each individual dataset
(positive, negative, MS", and MS/MS) will become increasingly
important for bacterial identification and -classification at
these stages of development. To ensure the multidimensional
scan technique shown here will be a viable technique for bac-
terial differentiation in a point-of-care or field-forward setting,
considerations must be made for technical challenges with

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Multidimensional composite spectra for three strain of Y. pestis
including positive MS/MS (light red, z-axis), negative MS/MS (light grey,
z-axis), positive MS! (dark red, x-axis), and negative MS! (dark grey,
x-axis) datasets.

portable MALDI instrumentation. Some commercially-avail-
able portable MALDI instruments fulfill SWaP requirements
(e.g. Shimadzu MALDImini-1, MassTech MTE30) for field-
forward detection but cannot provide the full functionality
required for multidimensional scans (mass range >1000 Da,
MS/MS, positive and negative mode ionization, large isolation
windows, etc.). Modifications to both software and hardware in
portable systems will be necessary to ensure reliable bacterial
identification and differentiation, and these modifications will

This journal is © The Royal Society of Chemistry 2024
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require a thorough cost-benefit analysis for manufacturers.
Additionally, significant method development will also be
necessary to ensure these multidimensional MALDI analyses
can work in field-forward applications with different mass ana-
lyzers (e.g. time-of-flight vs. ion trap) and with reduced sample
burden (simplified lysis and extraction, pre-prepared MALDI
plates, etc.) Incorporating these features into a single instru-
ment could provide the field of portable mass spectrometry
with a significant leap forward for clinical and field-forward
applications.

Conclusions

By utilizing a novel multidimensional scan technique, full
scan MS' data can be combined with MS/MS data for the
differentiation of monocultures of several Gram-positive and
Gram-negative strains of bacteria, including a BSL-3 surrogate
organism. These data have been de-resolved to mimic the low
resolution currently attainable on portable mass spec-
trometers. By utilizing this multidimensional scan technique
with low-resolution data and simplified sample preparation
methods, this technique could be further developed in order
to be applied in a point-of-care or field-forward setting to
rapidly identify bacteria of interest from complicated samples
(blood, urine, peripheral fluids, etc.) utilizing a low-cost and
small size, weight, and power (SWaP) instrument. Future work
in this area will involve adapting this acquisition technique to
portable, low-resolution instrumentation purpose-built for this
application, as well as the inclusion of more clinically relevant
sample types (co-cultures, cultures from biofluids, clinical
samples, etc.). Our data shows greater than 92% accuracy and
predictive power at the strain level for the four bacteria used in
this study. These results are comparable to currently FDA-
approved MALDI-MS platforms but can be achieved with low-
resolution data common to portable, low SWaP instrumenta-
tion. Taken together, these advances will allow MALDI-MS to
move beyond time-intensive, culture-based sample preparation
towards direct biofluid or environmental sample analysis with
the goal of significantly reducing time-to-answer and cost of
consumables and bringing analysis closer to point-of-care and
field-forward areas.
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