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Abstract

After several decades of widespread use for mapping elemental ions and small molecular
fragments in surface science, secondary ion mass spectrometry (SIMS) has emerged as a powerful
analytical tool for molecular imaging in biology. SIMS has primarily been used as a qualitative
technique; although the distribution of a single analyte can be accurately determined, it is difficult
to map the absolute quantity of a compound, or even to compare the relative abundance of one
molecular species to that of another. We describe a method for quantitative SIMS imaging of small
molecules in agar-based microbial communities. The microbes are cultivated on a thin film of
agar, dried under nitrogen, and imaged directly with SIMS. Using optical microscopy we show
that the area of the agar is reduced by 26% =+ 2% standard deviation during dehydration but the
overall biofilm morphology and analyte distribution are largely retained. We detail a quantitative
imaging methodology in which the ion intensity of each analyte is (1) normalized to an external
quadratic regression curve, (2) corrected for isomeric interference, and (3) filtered for sample-
specific noise and lower and upper limits of quantitation. The end result is a two-dimensional
surface density image for each analyte. The sample preparation and quantitation methods are
validated by quantitatively imaging four alkyl-quinolone and alkyl-quinoline N-oxide signaling
molecules (including Pseudomonas quinolone signal) in Pseudomonas aeruginosa colony biofilms.
We show that the relative surface densities of the target biomolecules are substantially different
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from values inferred through direct intensity comparison and that the developed methodologies
can be used to quantitatively compare as many ions as there are available standards.
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Simultaneous improvements to primary ion sources and mass spectrometers have facilitated
the emergence of secondary ion mass spectrometry (SIMS) as a viable tool for small-
molecule imaging in biology.! The introduction and wide-scale incorporation of polyatomic
and cluster ion sources has improved ionization efficiencies for intact molecular ions and
extended the upper mass detection limit above n/z 1000.23 Academic work#-© inspired
instrument manufacturers to incorporate tandem MS (MS?)-capable mass analyzers into
commercial SIMS instruments,’-8 an essential development that enables the differentiation
of isomers, which are pervasive in biological systems. Among other examples, biomolecular

9-11 peurons,%12:13 pacterial

22,23 24-26

SIMS imaging has been applied to examine single cells,

14-20 7,21

biofilms, and brain tissue from songbirds, rodents, and Drosophila.

As evidenced by the 2016 announcement of the National Microbiome Initiative,?’ the need
for tools and workflows that reveal microbial chemistry is increasingly urgent.28
Characterizing the role of small molecules in bacterial life is essential for not only
understanding the microorganisms themselves, but also the ecosystems that they inhabit and
influence. In a process termed quorum sensing, collaborative communities of bacteria
produce and sense small molecules, (e.g., acyl homoserine lactones, cyclic peptides, and
quinolones) to communicate with one another and coordinate collective behavior. 2° Beyond
signaling, bacterial communities utilize small molecules to cohesively modify their local
environment, enhance nutrient uptake, colonize new territory, and defend themselves against
competing organisms. Because of the simple sample preparation requirements, and an innate
capability for two- and in some cases three-dimensional small molecule imaging, SIMS is
wonderfully positioned to facilitate the exploration of microbial chemistry.

As discussed in a recent Account,3? the large variations in both chemical composition and
surface architecture make microbial communities exceptionally challenging to study with
mass spectrometry imaging (MSI). Further complexity arises from the cultivation
requirements; biofilms and other microbial communities are often grown on semi-solid agar,
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which must be dehydrated prior to introduction to the vacuum environment of the instrument
sample chamber. The agar dehydration process can introduce artifacts in biofilm
morphology and chemical distribution. Although there have been several excellent
applications of matrix-assisted laser desorption/ionization (MALDI)31-3 and desorption
electrospray ionization (DESI)36- 33 to study agar-based microbial samples, to our
knowledge there are no reports describing the direct application of SIMS imaging to
microbial communities while they are still affixed to the agar substrate. Other successful
examples of microbial SIMS imaging include analysis of imprint-transferred surfactants
from Bacillus swarming communities grown on agar,!® imaging of quinolone signaling
molecules and thamnolipid surfactants produced by Pseudomonas aeruginosa biofilms

grown on silicon wafers,!4-17

20,39

in situ examination of liquid biofilms through an SiN
membrane, and ultra-high-resolution nanoSIMS imaging of nitrogen fixation by
cyanobacteria.*0*! Another example of note is the use of SIMS to image quinolones and
xenobiotics in P aeruginosa biofilms cultivated on indium-tin oxide-coated glass slides and

inside of an ex vivo pig lung model.!®

As with other MS sampling modalities, the information generated by SIMS depends on both
the properties and settings of the instrument, as well as the molecular properties of the
analyte, such as gas-phase basicity and size. Furthermore, despite substantial improvements
in modern cluster and polyatomic ion sources, SIMS remains a highly energetic ionization
process, leading to hard ionization that can fragment biomolecules into smaller ions prior to
detection. These factors prohibit direct comparison of the distribution or intensity of one
analyte to that of another. Therefore, most SIMS experiments generate qualitative rather than
quantitative information.

Several clever methods for quantitative MSI have been demonstrated. These include the use
of a mimetic tissue model for brain imaging with MALDI,*2 the addition of a standard into
the DESI solvent,*3 and the metabolic incorporation of isotopically labeled internal
standards into bacterial and mammalian cells.*>-** Application of an isotopically labeled
internal standard on top or beneath a sample has also been successfully employed for
quantitative MALDI imaging of tissue.*>#0 In comparison to other ionization modalities, the
challenges associated with quantitative MSI are even more prominent for SIMS. In static
SIMS, the primary ion beam only accesses the first few molecular layers of the sample,
therefore an exogenously applied external standard is liable to influence or obscure the
native surface composition.

Here we develop a workflow for quantitative SIMS imaging with a focus on 2-alkyl-4(1H)-
quinolone (AQ) and 2-alkyl-4- hydroxyquinoline N-oxide (AQNO) structural isomers in
static P aeruginosa colony biofilms. In a process similar to the initial steps demonstrated for
DESI?7 and MALDI,3* we cultivate the microbial communities on thin agar and dry them
under a gentle stream of nitrogen. The microbial samples, and a series of external calibration
samples, are examined using SIMS product ion imaging. Quadratic calibration with an
adjustment for common (interfering) fragmentation provides the surface density of each
analyte on a pixel-by-pixel basis, enabling quantitative comparisons within and between
samples. Our results indicate that the described methodology for quantitative SIMS imaging
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could be extended to examine small molecules in biological samples of diverse composition
and origin.

EXPERIMENTAL SECTION

Materials and Reagents

LC-MS grade methanol, ethanol, fluorescein sodium salt, HHQ (2-heptyl-4-quinolone), and
PQS (“Pseudomonas quinolone signal”’; 2-heptyl-3-hydroxy- 4(1H)-quinolone) were
purchased from Sigma-Aldrich (St Louis, MO). HQNO (2-heptyl-4-hydroxyquinoline /V-
oxide), NQNO (2-nonyl-4-hydroxyquinoline N-oxide), NHQ (2- nonyl-4-quinolone), and
C9-PQS (2-nonyl-3-hydroxy-4(1H)-quinolone) were purchased from Cayman Chemical
(Ann Arbor, MI). All standards were acquired at 96% purity or better and used without
further purification.

Custom aluminum SIMS sample plates were machined by the expert craftsman in the
University of Illinois School of Chemical Sciences’ Machine Shop. Double sided conductive
copper tape, 3M 1182, was purchased from Ted Pella, Inc. (Redding, CA) and Structure
Probe, Inc. (West Chester, PA).

Colony Biofilm Cultivation

Two P, aeruginosa strains, PAO1C (“wild-type” lab strain) and FRD1 (alginate
overproducing cystic fibrosis lung isolate),*” were used in this study. Cell cultures were
grown for 18 h at 37 °C with shaking at 240 rpm in modified fastidious anaerobe broth
(FAB) culture medium supplemented with 30 mM filter-sterilized glucose as the source of
carbon. Growth plates were prepared by aliquoting 7.5 mL of sterile FAB-noble agar (1%
agar supplemented with 12 mM glucose) into 60 mm diameter Petri dishes. The agar plates
were inoculated with 5 pL cell culture (ODggg = 1) and incubated at 37 °C for 72 h. More
than 25 single and co-culture colony biofilms were used for optimization and verification of
the methods developed here. Culture handling and manipulation were performed in
accordance with institutional and CDC laboratory and biological safety guidelines,*® and
included the use of aseptic techniques, personal protective equipment, and disinfection and
sterilization procedures specific to the biosafety level of the organism.

Optical Imaging and Analysis

Macroscopic optical images of the hydrated and dried samples were obtained using a Nikon
D3300 camera equipped with a Nikon AF-S DX NIKKOR lens (18-55 mm 1:3.5-5.6 VR 11,
00-0.28m/0.92ft ¢52) (Nikon, Melville, NY). Images were processed using either MATLAB
(MathWorks, Natick, MA) or ImageJ (64 bit) as previously described.*® Microscopy images
of AQ aggregates within the colony biofilms were acquired using a Nikon Eclipse 90i
confocal microscope equipped with a 10x objective, and the images processed with the NIS-
Elements AR Imaging Software (Nikon).

Chemical Printing

Two pooled solutions were prepared in 50% ethanol (50% water, v/v) containing equimolar
quantities of HHQ, PQS, and NQNO, or NHQ, C9-PQS, and HQNO. Direct dilutions were
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made into 50% ethanol to create a series of nine of each of the two pooled solutions ranging
in concentration from 1.0-200 uM. The solutions were deposited on dry FAB agar using a
chemical inkjet printer (CHIP 1000, Shimadzu Corp., Kyoto, Japan) in multi-pass iterative
mode. Before printing and between solutions, the CHIP was rinsed with 250 uL isopropyl
alcohol followed by 250 pL 50% ethanol. Dwell voltages and dwell times were initially set
to 25 V and 35 ps, respectively, and adjusted as needed throughout printing to obtain
uniform droplets. Each deposition area was constructed with two parallel lines containing 10
spots each, with an intraspot spacing of 200 um, to form uniform regions of approximately
2.2 mm x 0.6 mm. Four iterative passes of 500 pL per droplet (2 s pause between each pass)
resulted in a total deposition quantity of 40-8000 fmol of each analyte at a surface density
range of 3.0-610 pmol/cm?.

For confocal fluorescence microscopy control experiments, solutions containing either 20
uM fluorescein or 20 uM fluorescein, and 100 uM each of HHQ, PQS, and NQNO, were
deposited onto agar using the CHIP 1000 in spot mode. Each deposition spot was composed
of 10, 100 pL drops for a total deposition quantity of 20 fmol fluorescein and 100 fmol
HHQ, PQS, and NQNO. The dwell voltage and dwell time were set to 35 V and 35 pus
respectively. Prior to solution deposition, the agar was prepared by dehydrating 1 cm x 1 cm
squares on glass microscopy slides.

Confocal Fluorescence Microscopy

Fluorescein and AQ spots were examined using a Leica SP8 fluorescence confocal
microscope (Buffalo Grove, IL) with a 10x dry objective (NA = 0.4). Both transmission and
fluorescence channels were used with a Z-stacking range confined to the observable
fluorescence signal. A stage step-size of 2.41 um was used for the Zstacking, and the field of
view was set to 512 x 512 pixels. The Ar laser excitation wavelength was 488 nm and
emission was collected from 494-618 nm. The resulting data were processed in ImageJ
using the Bio Formats toolbox.>%>! Fluorescent spots were selected with the ROI selection
tool and the average intensity values of each Z-stack were exported into MATLAB for
further analysis.

Scanning Electron Microscopy (SEM)

Dehydrated samples were sputter coated in Au/Pd using a Denton Vacuum Desk II
(Moorestown, NJ) operated with 64 mTorr Ar and 40 mA current for 70 s. SEM was
performed on dehydrated samples using a Philips XL30 ESEM-FEG (Hillsboro, OR)
operated under high-vacuum conditions at 5 kV and an approximate working distance of 10
mm.

SIMS Imaging

Mass spectrometric measurements were performed with a modified quadrupole time-of-
flight mass spectrometer, described in detail elsewhere.® The instrument is a QSTAR XL
(AB SCIEX, Framingham, MA) equipped with a Buckminsterfullerene (Cg() ion source
(Ionoptika Ltd., Hampshire, UK) for SIMS. The ion source was adjusted to produce a
continuous beam of 20 keV Cgg * primary ions at a 35 um spot size with 500 pA sample
current. The approximate primary ion dose was held to 5 x 1013 ions/cm?2, which exceeds
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the static limit of 1 x 1013 primary ions/cm?, and represents an estimated sampling depth of
40 nm based on measurements from 20 keV Cg 2+ bombardment of HeLa cells.® SIMS
sputtering rates depend on both chemical composition®2 and surface morphology,>? and
biofilms are both morphologically and chemically heterogeneous. Accordingly, the actual
sampling depth will fluctuate from pixel-to-pixel.

Each sample was raster imaged three times with a 25 um vertical offset between images to
present a predominantly unperturbed sampling region for each acquisition. The first image
produced secondary ions from 17z 60—850 with a pixel size of 100 um x 100 pm and a
sputtering time of 500 ms/pixel. The quadrupole bias was set to 15%, 25%, and 60% at n/z
100, 200, and 400, respectively. The second and third images were collected in product ion
mode with a unit resolution precursor mass transmission for product of m/z288 and nm/z
260, 30 eV argon collision induced dissociation (CID), and “Enhance All” mode activated to
selectively enhance transmission of product ions in the low mass range. The quadrupole bias
was set to 5%, 47.5%, and 47.5% at m/z 40, 90, and 180, respectively; the pixel size was 200
pum x 200 pm, and the sputtering time was 1 s/pixel.

SIMS Data Analysis

AB SCIEX wiff data files produced by Analyst v1.2 and oMALDI Server v5.1 (AB SCIEX)
were converted to mzML with the ProteoWizard msconvert function, >* to imzML using
imzMLConverter,”> and imported into MSiReader v0.09.5¢ For standard curve creation and
quantitation, the m/z intensity data for each sample or region of interest was exported to
Excel using the MSiReader ROI tool (‘sum of window’ over 0.1 Da). Further processing,
which was performed using either Excel or MATLAB, is detailed in the Results and
Discussion section.

RESULTS AND DISCUSSION

Dehydration Causes Agar Contraction but Preserves the Overall Morphology of the Colony

Biofilm

The dehydration- induced changes in sample morphology and analyte distribution were
assessed by evaluating optical images of biofilms before and after desiccation. Images from
one representative sample, a 72 h co-culture of two P, aeruginosa strains, are provided in
Figure 1. These two strains were chosen because of their differing attributes: PAO1C (left) is
a common laboratory strain that readily spreads in motility agar assays,”’ whereas FRD1
(right) is a mucoid cystic fibrosis isolate strain with limited motility that produces the
exopoly-saccharide alginate in great abundance.*’

The biofilms were cultivated on thin agar (Figure 1a), transferred to a 250 um recessed
aluminum SIMS sample plate covered with 88-um-thick double-sided conductive copper
tape (Figure 1b), and dehydrated under a gentle stream of nitrogen (Figure 1¢). An overlay
of the hydrated (green) and dehydrated sample (blue) shows a slight contraction of the agar
during dehydration (Figure 1d), and measurements of four independent biofilms show that
the agar area is reduced by 26% (+ 2 standard deviation (SD)) during dehydration.
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Changes in sample morphology were also evaluated in a spatially resolved fashion. Images
of biofilms acquired before and after dehydration were overlaid and registered using an
affine transformation to account for variance in angle, distance, and camera position.
Approximately 50 teach points present on both images were utilized to perform a non-affine
polynomial transform to dynamically “stretch” the dehydrated sample to match the shape of
its hydrated counterpart. The magnitude of contraction was calculated for an equally spaced
array, and is represented as a rainbow quiver plot (Figure le and 1f). The magnitude of
distortion at a given point on the quiver plot is represented both by the length of the vector
and its color, with long yellow vectors indicating regions of greater contraction, and short
blue vectors indicating regions with less contraction. The inset image (Figure 1f) shows that
the sample contracts by over 2 mm at the agar edge and converges to a point of zero
contraction near the intersection of the two biofilms. We surmise that the point of least
contraction is shifted slightly towards the FRD1 biofilm due to the thicker biofilm structure,
which results in slower drying for the under-lying agar.

Overall these results indicate that although the agar contracts during drying, it does so in a
uniform and predictable manner, with the greatest contraction occurring near the agar edges.
The macroscopic biofilm morphology remains intact and suitable for follow-up analysis. In
our experience, the best results are obtained by starting with a thin agar of uniform thickness
and unfurling it gradually onto the SIMS substrate with a steel spatula or a razor blade. Care
must be taken to avoid distorting the agar or trapping air bubbles during the transfer process.
We initially experimented with several different preservation procedures, including vacuum
desiccation, freeze-drying, and oven drying; we found that a simple nitrogen- assisted
dehydration provided the best retention of biofilm morphology and the most consistent
results. Attempts were also made to deposit the agar directly onto aluminum sample plates
or onto silicon wafers, thus avoiding the use of copper tape and the possible introduction of
chemical contaminants, but the agar tended to separate from the substrate during
dehydration so the tape was found to be essential for adhesion.

To evaluate changes in analyte distribution, endogenous aggregates in the hydrated and dried
samples were visualized with optical microscopy (Figure S1). Previous Raman microscopy
investigations into aggregates of this shape in P aeruginosa biofilms revealed that they
contain both AQs and AQNOs, 438 which are the primary analytes of interest for this study.
Representative microscopy images acquired near the center of the PAO1C biofilm show that
the overall shape and distribution of the AQ and AQNO aggregates are largely retained
during dehydration (Figure S1). These investigations suggest that the sample preservation
was not a limiting factor in the ultimate imaging resolution, which was confined to 100 ym
or greater in the current work.

Notably, this analysis does not account for hydrophilic analytes, which may partially absorb
into the agar and migrate throughout the sample, or amphiphilic rhamnolipid biosurfactants,
which could diffuse laterally during drying.?® The solubility of AQs and AQNOs is
improved by the presence of rhamnolipids, so it is possible that these analytes can be

distributed more widely across the surface if substantial rhamnolipid diffusion occurs.%9
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Optimization and Evaluation of Standard Deposition

The experiments described in this manuscript largely focus on two AQs and two AQNOs
reported to be most abundant in P, aeruginosa,°! namely the saturated 7- and 9-carbon
variants of the major subclass (i.e., PQS, C9-PQS, HQNO, and NQNO). In P, aeruginosa,
PQS is a known cell-to-cell signaling molecule, 62 and both HQNO®3 and NQNO%* are
active against Staphiylococcus aureus. The functional roles of C9-PQS and most of the other
AQs and AQNOs produced by P, aeruginosa are currently unknown.®> Differing only by the
location of a hydroxyl group, PQS and HQNO both produce a protonated molecular ion at
m/z260.1650. Similarly, the 9-carbon variants of these two molecules (i.e., C9-PQS and
NQNO) are both found at m/z288.1963. Differentiation of these analytes with mass
spectrometry therefore requires fragmentation-based MS? analysis. As previously reported,
the two AQNOs (HQNO and NQNO) fragment under CID to yield a base peak of m/z
159.07, while AQs produce a base peak of m/z 175.07, which, along with several other
distinguishing fragments, enables this differentiation (Figure S2).°! However, closer
inspection reveals that each of these analytes also produces a competing product ion signal
that directly interferes with the isomeric counterpart. In fact, for MS? analysis of both m/z
260 and m/z 288, no single product ion can be used to completely separate the signal arising
from either compound. Because of these complications, the standards were separated into
two separate multicomponent dilution series, one containing HHQ, PQS and NQNO, and
another containing NHQ, C9-PQS, and HQNO (HHQ and NHQ were included as part of the
original study design but were not used for quantitation and therefore will not be discussed
further).

The quantitative imaging method described herein requires analysis of standards on an agar
surface; therefore, we sought to determine the extent to which the standards absorbed into
the agar during deposition. Using similar conditions to the standard curve preparation, 1 nL.
aliquots of the 100 uM standard solutions were deposited onto dried agar via chemical inkjet
printing, and the resulting spots were evaluated with SEM. As can be seen in Figure 2a and
2b, the deposited standards cover a circular region of approximately 200 um in diameter and
appear to form an even layer over the underlying agar. The features observable around and
underneath the deposited standards in the 400x magnification electron micrograph (Figure
2b) show that the microstructure of the agar surface is retained during deposition and solvent
evaporation, suggesting that the solution dries before dissolving surface salts or absorbing
into the agar. Control spots, which contained only solvent, were unobservable by SEM.

For further verification, 1 nL droplets of a solution containing either 20 uM fluorescein and
100 uM each of HHQ, PQS, and NQNO or only 20 uM fluorescein were deposited on dried
agar and examined with three-dimensional confocal fluorescence microscopy. As can be
seen in Figure 2c, the fluorescence intensity profile for fluorescein in the standard mixture
(red circles) takes the form of an asymmetric Gaussian point spread function with a
maximum intensity at the agar surface (depth = 0 + 1.2 ym). Significant fluorescence signal
bleed prevents the determination of analyte depth; however, the integrated fluorescence
intensity is slightly greater above the surface than below (p = 0.02 for n = 4 spots). The
control condition with spots containing only fluorescein (blue squares) exhibits less
asymmetry and does not show a significant difference in integrated fluorescence intensity for
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regions below and above the surface (p = 0.4). This suggests that the observed surface excess
is not an artifact of the refractive index difference between the air and the agar, but rather,
arises due to the presence of AQs and AQNOs.

In combination with the low water solubility of AQs and AQNOS,66 as well as our
observation of endogenous AQ and AQNO crystals on the surface of biofilms (Figure S1),
the SEM and confocal fluorescence microscopy data support the conclusion that the
standards largely remain on the agar surface following deposition. It is possible that
components of the agar (e.g., salts) migrate during droplet drying to co-crystalize with the
exogenous standards, or that a portion of the standards absorb into the agar. Both of these
possibilities may affect the measured ion abundance.

‘We next optimized the chemical inkjet printing conditions to achieve reliable and repeatable
standard curves and manageable analysis times. Initially, the multicomponent standard
solutions were deposited as an ordered array of spots. However, following Cgo-SIMS
product ion imaging, the image-toimage consistency was found to be poor, most likely
because the spot diameter (~200 um) was too small for the width of the stage raster (100
um) and the diameter of the primary ion beam (35 um). To overcome this issue, 20 aliquots
of each solution were deposited evenly at a spot-to-spot interval of 200 um over an area of
200 um x 2000 um. Due to the overlapping and pooling of the standard solutions, these
deposition conditions resulted in the formation of 2.2 mm x 0.6 mm regions containing
between 40-8000 fmol of each analyte at a surface density range of 3.0-610 pmol/cm?.

Relative Quantitation is Accomplished through Pixel-wise Normalization to External
Nonlinear Least Squares Regression Curves

Representative standard images from the optimized line deposition conditions are provided
in Figure 3a and 3b, and Figures S3 and S4. The average relative standard deviation of the
ion intensity across all concentrations was 24%, 22%, 42%, and 24% for PQS, HQNO, C9-
PQS, and NQNO, respectively.

The product ion intensities for each analyte were used to create second order polynomial
linear regression curves of the form of Equation 1:

i=ap2+bp+c, e))

where i is the measured ion intensity, p is the is surface density with units of mass x area™!,

and a, b, and ¢ are constants (Figures 3c, S3, and S4). We initially attempted to apply linear
regression curves but they were found to be unreliable over a meaningful concentration
range because of nonlinearity, which we speculate arise from second-order surface
interactions (e.g., absorption, intercalation, or intermolecular forces) that suppress ionization
at low concentrations, and surface saturation at high concentrations. Although a calculation
in terms of three dimensional area (e.g., concentration of the first 40 nm) was considered in
place of surface density, the veracity of this calculation is uncertain in the absence of an
accurate sputtering depth for every pixel.
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The quadratic equation can be used to solve the second order polynomial regression curves
from Figure 3 to accommodate differences in ionization efficiency and directly calculate the
analyte-specific surface density in each pixel. Using the product ion transition for PQS (m/z
260 — 175) as an example (Equation 2):

2 ;
—bygs £ \/(b175) —4-ay;5- (€175~ iy75)
2-ay;5

P pQs175(meas) = 2

In instances where the discriminant is less than zero and no real solution is available, the free
term (C) can be set equal to zero; however, manual interpretation is necessary to ensure the
accuracy of the fit.%7

As previously discussed, the measured surface density for PQS (pposmeans)) is an
overestimate of the actual surface density due to the competing product ion transition for
HQNO (m/z260 — 175). Examination of the four compounds over a series of
concentrations revealed that the relative intensities of m/z 159 and m/z 175 take on a
constant value for each analyte: the 159/175 ratios for PQS and C9-PQS are 0.04 + 40%
(SD) and 0.020 £ 10%, respectively, and the 175/159 ratios for HQNO and NQNO are 0.13
+ 8% and 0.07 £ 20%, respectively. The corrected surface density for PQS (ppgsi75(corr))
can be determined by removing the contribution of m/z 175 arising from HQNO

(PHQNO175(exp))» as shown in Equation 3:

Ppos175(corr) = PPQS175(meas) ~ PHONOVTS(exp) - (3)

Of course pHQNO175(exp) 18 still an unknown value and must be further defined by Equations
4-6:

PHONOVIS(exp) = S HONO * PHONO159Corr) D)

= Faono * [PHONO159(meas) — PPOS159exp)] ()

= Faono * [P HONO159meas) ~ F Pos * PPosis9corn):  (0)

where the experimentally derived relative fragmentation ratios for HQNO and PQS are
delineated by fgno and fpgs respectively, and pHQNO159(means) i given by Equation 2
solved for HQNO. Combining Equations 3 and 6 and solving for the ppgsi75(corr) term
yields Equation 7, which is the final formula used to calculate the corrected surface density
for PQS:
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Pp0s175(meas) — S HONO * PHONO(meas)
1= fuono  fros

pPQSl75(corr) = @)

More generally, for any analyte n with an interfering compound m, Equation 8 can be used
to calculate the corrected surface density of n:

_ Pu(meas) ~ fm " Pm(meas)

pn(corr) - 1— fm R fn (®)

By adding additional terms to Equation 3, this analysis can theoretically be extended to
accommodate additional interfering species. It is therefore not limited to MSZ data, but can
also be extended to MS! in instances when the chemical composition and in-source
fragmentation characteristics of the sample are known to a high degree of confidence.

Finally, the accurate interpretation of quantitative measurements requires information on the
lower and upper limits of quantitation (LLOQ and ULOQ) for each analyte. Here the LLOQ
is defined by two criteria. First, the initial (raw MS2) intensity of a given pixel must be
greater than the lowest intensity on the calibration curve. Second, the initial intensity must
be greater than the average background intensity from the sample. If the intensity of a given
pixel is lower than either of these values, the surface density for this analyte is set to zero.
The ULOQ for each analyte is defined as being the highest intensity value on the calibration
curve. Intensity values that are greater than the ULOQ are adjusted to 110% of the ULOQ in
the quantitative image, effectively saturating the intensity scale for this pixel. In this way, for
any given pixel, analyte intensities that are lower than the LLOQ will display a surface
density of zero, and analytes with an intensity greater than the ULOQ will yield a
“saturated” surface density.

Full calibration data for the four analytes used in this study, including the three calibration
constants (a, b, and ¢), the coefficient of determination values (R?), the ULOQs, and
LLOQs, can be found in Table 1.

Quantitative SIMS Imaging of AQs and AQNOs in P. aeruginosa Colony Biofilm

To demonstrate the capability of our methods, we subjected a series of P aeruginosa
biofilms to the quantitative SIMS imaging protocols described above. An example imaging
sequence for two AQs and two AQNOs in a 72 h PAO1C colony biofilm is shown in Figure
4. First, we show the raw images required in standard (MS!) mode (Figure 4a), which is how
ion images are overwhelmingly reported in the literature. Ion images for 71/2260.17 (the
protonated molecular ion for both PQS and HQNO) and n/z 288.20 (the protonated
molecular ion for both C9-PQS and NQNO) show the four analytes to be primarily confined
to a region near the center of the biofilm community (Figure 4a (iii)). In SIMS, prominent in
source fragment ions arising from the analytes of interest can sometimes be more intense
than the molecular ion; therefore, images for these ions are also commonly displayed. An
ion image for an AQ fragment (11/z 175.07) appears with high intensity near the sample
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center, and with a small ring of lower intensity around the biofilm edge (Figure 4a (iii)). The
common in source fragment of both AQNOs and HHQ-type AQs (im/z 159.07) has a
distribution similar to both m/z260.17 and m/z288.20; however, the edge of the sample
center shows up at a higher intensity than the internal region (Figure 4a (iv)). Unfortunately,
because of common in source fragmentation, ion images for m/z 175.07 and 159.07 are not
specific to any one molecule, or even a single class of molecules, and thus, cannot reliably
be used to assign the distribution of an analyte without extensive follow-up analysis.

In contrast to MS! images, product ion images have two criteria for discriminating the
analyte from the chemical background— the precursor ion must be ionized to generate an
m/z value within a certain range (+ 0.5 Da in this case), and a product ion must be generated
with a separate, specific m/z value within an additional selection window (+ 0.05 Da in this
case)—therefore product ion imaging is much more selective. Product ion images for PQS,
HQNO, C9-PQS, and NQNO are provided in Figure 4 (i-v), 4c (i-v), 4d (i-v), and 4e (i-v),
respectively, with each row (i-v) showing successive steps along the quantitation process.

The largest changes in both distribution and intensity are observed for PQS. The raw image
(Figure 4b (i)), which is scaled to the maximum single-pixel ion intensity, shows a region of
moderate signal intensity near the center with small regions (< 200—400 um) containing high
intensity pixels. Following correction for ionization efficiency by applying Equation 2
(Figure 4b(ii)), a similar signal distribution is observed; however, the nonlinear calibration
has the effect of amplifying low intensity signals, revealing an additional ring of PQS
bordering the biofilm center.

Following subtraction of the signal contribution from HQNO by using Equation 7 (Figure 4b
(iii)), both the measured surface density and the perceived distribution change substantially,
showing that, aside from a few isolated hotspots, the center of the sample has much less PQS
than originally observed. In Figure 4b (iv) the surface density of pixels with an intensity less
than the calibration and sample LLOQs are set equal to zero, and those with a surface
density greater than the ULOQ are set to 110% of the ULOQ. In the case of PQS, no pixels
have an intensity above the ULOQ, so the ULOQ adjustment has no effect. Finally, in Figure
4b (v), the maximum surface density of the image is scaled to a common value of 610 pmol
x cm™2 to enable direct analyte-to-analyte comparisons.

Analogous operations were performed on the remaining three analytes (Figure 4c—e) to
generate quantitative ion images. Note that the change in surface density brought on by
fragmentation is minor, and largely unobservable within these images. It can be helpful to
view the quantitative progressions as two-dimensional scatter plots, with each pixel plotted
as a function of intensity or surface density, as shown in Figures S5-S8. This perspective
shows, for example, the effect that fragmentation correction and LOQ filtration has on the
perceived distribution of NQNO, which is actually quite significant at low concentrations
(Figure S8). An additional quantitative imaging example is provided for a second 72 h
PAOI1C biofilm in Figure S9, showing changes in the AQ and AQNO distributions and
surface densities that are similar to those observed in Figure 4. However, the surface
densities are much higher, indicating a large degree of biological variability.
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Although AQ and AQNO concentrations for agar-based PAO1C biofilms were not available
in the literature, we can draw insight from quantitative analysis of P, aeruginosa liquid
cultures. For example, Lépine and co-workers®® reported a maximum concentration of 1.7
uM PQS and 3.3 pM HQNO after 16 h of P, aeruginosa PAO1 planktonic growth in FAB
media, a time point that corresponded to the early stationary phase. For 16 h PA14
planktonic cultures they measured PQS and HQNO concentrations of 5.0 uM and 6.94 uM,
respectively. %0 In separate work, Lépine et al. measured PQS and HQNO concentrations of
4.8 uM and 11 uM, respectively, in planktonic cultures of PA14 grown for 8 h in LB.6!

For the measurements done here, even if we assume that none of the analyte is contained
within the bulk of the biofilm, and that the biofilms are 50-um thick, which would be on the
upper end of most estimates,8 the local concentrations for PQS and HQNO (Figure 4) are
more than 10 times greater than those reported from previous measurements. Examined
from a different perspective, the average concentrations of PQS and HQNO over the entire
area of the biofilm (again assuming a thickness of 50 um) are 30 uM and 17 uM,
respectively, values that are closer to the Lépine measurements.®!-66 Qur quantitative ion
images and the calculations performed above do not consider the drying-induced contraction
of the biofilms; however, this factor would only account for a small portion of the
concentration disparity. Because of differences in both the specific P aeruginosa strain
examined and the cultivation conditions used, it is difficult to make direct comparisons
between our work and that of the prior studies, but does suggest that the concentration of
AQs and AQNOs is much higher in agar-based biofilms than in planktonic cultures.
Furthermore, the large differences in local surface density highlight the importance of
performing imaging analyses over bulk measurements, as the local chemical
microenvironment can be very different than an analysis of the bulk might suggest.

CONCLUSION

We demonstrate that a simple nitrogen-assisted dehydration is adequate for the preservation
of agar-bound microbial communities for SIMS imaging. Although the agar contracts during
dehydration, the macroscopic biofilm morphology remains largely unchanged. By following
several aggregates through the drying process, it is apparent that the endogenous molecular
distribution is also retained, at least for the analytes examined in this study. We also report a
method for quantitative SIMS imaging that is capable of correcting for both analyte- specific
differences in ionization efficiency and the presence of isomeric interference. This method
was applied to image the surface density of two AQs and two AQNOs in P, aeruginosa
biofilms, and appears effective in such applications.

This work does not fully address several of the remaining challenges for quantitative MSI.
First, we did not completely account for spatially dependent variations in ionization
efficiency brought on by heterogeneous matrix effects, topography, hardness, conductivity,
salt concentration, and other factors. 9979 These variations in ionization efficiency hinder
accurate determination of analyte distribution, and can prohibit the direct comparison of the
distribution or intensity of one analyte to others. Here, matrix effects were mitigated by
creating calibration curves on agar, but the effects of the local microenvironment have not
been accounted for. Second, to construct accurate images, it is necessary to quantitate over a
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large dynamic range of at least several orders of magnitude. While quadratic and higher
order polynomial calibrations improve the dynamic range, meaningful ranges can be difficult
to achieve for some analytes. Finally, one of greatest strengths of MSI is its capacity for
multiplexed chemical analysis; it is often desirable to examine the distribution of tens or
hundreds of compounds in a single image, which would be time consuming to achieve with
our methodology. Despite these challenges, we anticipate that this method can be effectively
applied to image the surface density of a wide variety of analytes in many different sample

types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Evaluation of biofilm dehydration in preparation for SIMS imaging. A 72 h P, acruginosa

PAOI1C (left) and FRD1 (right) co-culture: (a) as cultivated in a Petri dish; (b) excised and
transferred to a SIMS sample plate with double-sided copper tape; (c) after dehydration with
Nj; (d) overlay of the same sample before (green) and after (purple) dehydration; (e) quiver
plot with vector length and color showing the magnitude and direction of dehydration-
induced contraction; and (f) inset of the quiver plot shown in e. The scale bars represent 1
cmina-dand2.5cminf.
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Figure 2.
SEM and three-dimensional confocal fluorescence microscopy evaluation of standards

deposited onto dehydrated agar via chemical inkjet printing. (a) Electron micrograph of five
1 nL depositions (as indicated by red arrows) containing 100 uM each of HHQ, PQS, and
NQNO. (b) Higher magnification micrograph of a single standard spot from a. (c) Average
fluorescence intensity depth profile for fluorescein in four spots containing either 20 pM
fluorescein (blue squares) or 20 uM fluorescein and 100 uM each of HHQ, PQS, and NQNO
(red circles). The integrated fluorescence intensity in the space below and above the agar
surface is provided in blue and red text for the two deposition conditions. Shown are 23 Z-
stacks from —26.4 um below the surface to 26.4 pm above the surface. The scale bars in a
and b represent 500 um and 100 um respectively, and the error bars in ¢ represent standard
deviation.
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SIMS product ion quadratic calibration images, curves, and regression data: calibration
images for (a) PQS (m/z260 — 175.07) and (b) HQNO (m/z260 — 159.07) printed on
dry agar; and (c) calibration curves for PQS and HQNO. The color scale was magnified by a
factor of 10 in the red boxes in a and b to illuminate the lower deposition quantities, and the
blue quantities in the image indicate the quantitation range used. Additional calibration
information, including calibration curves for C9-PQS and NQNO, can be found in Figures

S3 and S4.
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Figure 4.
SIMS imaging of a 72 h P, aeruginosa PAO1C colony biofilm. (a) Raw SIMS MS! images

for (a (i)) PQS and HQNO, (a (ii)) C9-PQS and NQNO, and AQ fragments (a (iii)) m/z
175.07 and (a (iv)) 159.07; (b—e) MS? quantitative image progressions for (b) PQS, (¢)
HQNO, (d) C9-PQS, and (e) NQNO. Images in column b-e (i) show the uncorrected (raw)
secondary ion intensity. Images in column b—e (ii) are corrected for ionization efficiency;
column b-e (iii) are corrected for common (interfering) product ions; column b—e (iv) show
the ULOQ and LLOQ corrections; and column b—e (v) are scaled to a common maximum
surface density of 610 pmol x cm™2 to facilitate direct and quantitative analyte-to-analyte
distribution comparisons. High intensity regions outside of the agar shown in a—d arose from
the chemical background of the copper tape.
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Table 1
Quadratic Regression Data
PQS HQNO  C9-PQS  NQNO
MS!miz 260 260 288 288
MS2miz 175 159 175 159
a  56E-04  12B-04 3.6E-03  3.1E-03
b 7.5E-03  15E-01 -50E-02 3.7E+00
¢ -7.8E+00 —24E+00 0.0E+00 —6.1E+01
Rz 0980 0.996 0.998 0.998
Fragmentation factor 0.044 0.13 0.020 0.070
LLOQ [intensity] 1.4 0.99 0.96 12
ULOQ [intensity] 200 130 75 950
LLOQ [pmol x em™2] 75 15 3.0 15
ULOQ [pmol x cm~2] 610 610 150 230

Anal Chem. Author manuscript; available in PMC 2019 May 01.



	Abstract
	Graphical Abstract
	EXPERIMENTAL SECTION
	Materials and Reagents
	Colony Biofilm Cultivation
	Optical Imaging and Analysis
	Chemical Printing
	Confocal Fluorescence Microscopy
	Scanning Electron Microscopy (SEM)
	SIMS Imaging
	SIMS Data Analysis

	RESULTS AND DISCUSSION
	Dehydration Causes Agar Contraction but Preserves the Overall Morphology of the Colony Biofilm
	Optimization and Evaluation of Standard Deposition
	Relative Quantitation is Accomplished through Pixel-wise Normalization to External Nonlinear Least Squares Regression Curves
	Quantitative SIMS Imaging of AQs and AQNOs in P. aeruginosa Colony Biofilm

	CONCLUSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

