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Mass spectrometry imaging (MSI) has become an important analytical tool for many sectors of

science and medicine. As the application of MSI expands into new areas of inquiry, existing

methodologies must be adapted and improved to meet emerging challenges. Particularly salient is

the need for small molecule imaging methods that are compatible with complex multicomponent

systems, a challenge that is amplified by the effects of analyte migration and matrix interference.

With a focus on microbial biofilms from the opportunistic pathogen Pseudomonas aeruginosa, the

relative advantages of two established microprobe-based MSI techniques—polyatomic secondary

ion mass spectrometry (SIMS) and laser desorption/ionization—are compared, with emphasis on

exploring the effect of surface metallization on small molecule imaging. A combination of qualita-

tive image comparison and multivariate statistical analysis demonstrates that sputtering microbial

biofilms with a 2.5 nm layer of gold selectively enhances C60-SIMS ionization for several molecu-

lar classes including rhamnolipids and 2-alkyl-quinolones. Metallization also leads to the reduction

of in-source fragmentation and subsequent ionization of media-specific background polymers,

which improves spectral purity and image quality. These findings show that the influence of

metallization upon ionization is strongly dependent on both the surface architecture and the analyte

class, and further demonstrate that metal-assisted C60-SIMS is a viable method for small molecule

imaging of intact molecular ions in complex biological systems. VC 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4942884]

I. INTRODUCTION

Bacterial biofilms are one of the oldest and most prolific

communal ecosystems on earth. These amalgamations of

cells, extracellular deoxyribonucleic acids, proteins, polysac-

charides, lipids, and various secondary metabolites present a

unique analytical challenge that requires both the application

of existing analytical techniques and the invention of novel

approaches.1–3 One of the most promising methodologies for

studying the chemical composition and distribution of bio-

film ecosystems is microprobe mass spectrometry imaging

(MSI), which uses a focused beam of ions, photons, or sol-

vent to desorb molecules from a sample for subsequent

spatially resolved spectrometric analysis. Over the previous

two decades, MSI has emerged as a vital tool for in situ
chemical imaging of many biological systems, including bio-

films,4–6 cultured neurons and neural networks,7,8 and sub-

cellular structures.9,10

Owing to its broad commercial availability and unparal-

leled mass range, matrix-assisted laser desorption/ionization

(MALDI) is the most widely applied MSI ionization method

for many sample types, including biofilms.11,12 While versa-

tile, MALDI is limited by matrix interference in the low

mass range (m/z< 500). The application of solvated organic

matrix can also induce analyte migration, thereby altering

native molecular distributions and limiting the effective spa-

tial resolution.13,14 One means for overcoming the chal-

lenges associated with organic matrices is to use “matrix-

free” methods for laser desorption/ionization (LDI); a broad
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assortment of sample preparation strategies, such as the

application of metal films and nanoparticles,15–18 or the use

of patterned surfaces and clathrate nanostructures,19,20

among other approaches.21,22

Requiring no sample preparation beyond what is necessary

for high vacuum compatibility, secondary ion mass spectrom-

etry (SIMS) offers a small molecule imaging approach that is

complementary to MALDI. The principal advantages of

SIMS include spatial resolution—with many commercial

instruments offering a lateral resolution better than 500 nm—

and the capability to examine unadulterated samples, thus

eliminating matrix interference and mitigating analyte migra-

tion. SIMS has been successfully applied to image many bio-

logical systems, including biofilms, tissues, and cells.23 The

SIMS ion bombardment process is highly energetic, making it

most suited for imaging small molecular ions and characteris-

tic molecular fragments (m/z � 500). Energetic ion bombard-

ment also produces surface and subsurface damage that

confines analysis to a fraction (typically<1%) of the upper-

most layer of the sample surface, thereby reducing the quan-

tity of accessible analyte.23 Researchers have expended great

effort on both sample preparation and instrument design, in

order to expand molecular coverage and sensitivity.

One important instrumental innovation has been the intro-

duction of cluster and polyatomic primary ion sources,

which are now commonly used for biomolecular imaging.

These sources spread the kinetic energy of the primary ion

impact among many atoms in the projectile, resulting in

reduced analyte fragmentation, more efficient molecular ion-

ization, and less subsurface damage.24 Cluster sources have

expanded the practical mass range for SIMS above m/z 1000

and enabled analysis of greater portions of the surface and

subsurface regions.23,25

On the other end of SIMS inquiry, researchers have

focused on developing novel sample treatment strategies

broadly aimed at improving ionization. Innovations have

included exposure to reactive vapor,26 and application of tra-

ditional MALDI matrices,27,28 metal films,16,29 or nanopar-

ticles.30 Applying a thin layer of gold or silver to the sample

is particularly appealing due to the wide availability of con-

ventional sputter-coating devices for electron microscopy.

Metallization has been investigated for its ability to improve

SIMS sensitivity and image quality for samples as diverse as

tissue and cells,29,31,32 polymers,33–38 and small organic mol-

ecules or molecular mixtures.34,37–43 Unfortunately, the

effort to combine the benefits of cluster ionization with met-

allization has thus far been unsuccessful, with several

researchers reporting decreased molecular ion yields for

metallized samples when a large polyatomic or cluster

source is employed.37,39 To date, most fundamental MetA-

SIMS studies have been conducted using spin-cast organic

standards or organic polymers on hard surfaces, and we

hypothesized that the effects of surface metallization might

differ for soft and architecturally complex samples. In this

work, we utilize a hybrid imaging mass spectrometer,

equipped with both a 20 kV Buckminsterfullerene (C60
þ)

ion beam and a UV laser, to examine the effect of surface

metallization upon the ionization of small molecule second-

ary metabolites in Pseudomonas aeruginosa biofilms, a bio-

logical system with a complex molecular composition and

surface architecture. We further exploit the hybrid nature of

the instrument to compare C60-SIMS, metal-assisted

(MetA)-C60-SIMS, and MetA-LDI.

The Gram-negative bacterium and opportunistic pathogen

P. aeruginosa offers an excellent model for biofilm biology, as

the organism readily forms intricate microbial communities

that utilize a diverse collection of small molecules to coordi-

nate behaviors, including colony formation, virulence, and

apoptosis.44 We have previously developed methods for the

analysis of biofilms using both MetA-LDI and monatomic

(Auþ primary ion beam) MetA-SIMS, and found that coating

the biofilm surface with a few nanometers of gold improved

sensitivity for lipids and small molecule secondary metabolites

in LDI and monatomic SIMS.16 In separate work, we created

methods that correlate C60-SIMS imaging with confocal

Raman microscopy, and applied them to image several small

molecule secondary metabolites in the same biofilm model.5,27

In the present study, we have found that while C60-SIMS,

MetA-C60-SIMS, and MetA-LDI are all applicable for imag-

ing small molecules in P. aeruginosa biofilms, each method

presents its own unique advantages. Our results show that, in

comparison to an untreated biofilm, a 2.5 nm layer of gold

selectively improves C60-SIMS ionization efficiency for sev-

eral analyte classes, including rhamnolipids (RHLs) and 2-

alkyl-4-quinolones (AQs). Remarkably, the enhancement

was not observed for standard solutions deposited on a bare

silicon wafer, supporting the hypothesis that surface hard-

ness and projectile penetration substantially influence bio-

molecular fragmentation and ionization efficiency.36,43

Furthermore, in MetA-C60-SIMS, high-intensity background

ions derived from the cell culture medium are selectively

suppressed, thereby dramatically improving spectral quality.

These findings have potential applications to biomolecular

SIMS imaging of samples from diverse origins.

II. EXPERIMENT

A. Materials and reagents

Silicon tiles were purchased from University Wafer

(South Boston, MA) and stainless steel sample plates used

throughout all MSI experiments were designed in-house and

manufactured in the University of Illinois at Urbana-

Champaign School of Chemical Sciences Machine Shop.

Analytical standards, including 2-heptyl-3-hydroxy-4(1H)-

quinolone (Pseudomonas quinolone signal, PQS), 2-heptyl-

4-quinolone (HHQ), and R95 rhamnolipid, were purchased

from Sigma-Aldrich (St Louis, MO), while 2-heptyl-4-

quinoline-N-oxide (HQNO) was purchased from Cayman

Chemicals (Ann Arbor, MI). All standards were used as

received without further purification.

B. Cell culture and biofilm formation

Pseudomonas aeruginosa (PAO1C) was grown overnight

at 37 �C with 240 rpm agitation in a chemically defined,
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phosphate-buffered, minimal culture medium containing

30 mM sterilized glucose.45 Aliquots (200 ll each) of the

resulting culture (optical density of 1 at 600 nm h�) were

transferred to 2 cm � 2 cm sterilized silicon shards in a Petri

dish. Following 10–15 min of incubation, 18 m of fresh cul-

ture medium with 30 mM glucose was gently added, and the

bacteria were allowed to grow at 37 �C for 24 h. The liquid

medium was carefully removed from the dish, and the result-

ing colonies were allowed to dry for 1 h in a sterile hood.

While care was taken to generate samples with similar mor-

phology, biofilms are inherently heterogeneous, and it is

therefore difficult, and possibly undesirable, to cultivate

identical biological replicates. Two of the samples prepared

for this study were morphologically and chemically similar,

while a third contained a central region with low cell density.

Control samples were generated by depositing 10 ll of cul-

ture medium onto clean silicon shards and drying the result-

ing spot under a gentle stream of N2. Samples were stored in

a positive-pressure nitrogen dry box until analysis.

C. Gold sputter coating and morphological evaluation

Gold sputter coating was performed as previously

described16 using a Desk II TSC sputter coater (Denton

Vacuum, Moorestown, NJ) with 64 mTorr Ar and 40 mA cur-

rent. The thickness and morphology of the gold layer were

evaluated via atomic force microscopy (AFM) using a

Multimode NanoScope IIIa (Veeco Metrology, Inc., Santa

Barbara, CA) equipped with a silicon nitride cantilever

(ScanAsyst-Air, Bruker AXC, Inc., Madison, WI) with a tip ra-

dius of 10–20 nm. Sputtering for 5–6 s resulted in the applica-

tion of 2.5 nm of gold on silicon (see Sec. III C), which was

initially optimized for MetA-C60-SIMS and used throughout all

experiments. It is important to note that the optimal overlay

thickness is dependent upon many variables, including the ana-

lyte of interest, the surface composition, and the choice of

microprobe (e.g., projectile mass, laser energy, etc.). For exam-

ple, previous work has shown that a thicker coating of �6 nm

is optimal for MetA-UV-LDI (Ref. 29) and that 0.2–2 nm is

optimal for monatomic SIMS with Xeþ, Biþ, Arþ, and Gaþ

bombardment of single-component organic standards.34

Biofilm morphology was evaluated with both AFM (as

described above) and scanning electron microscopy (SEM).

For SEM, a gold-treated sample was examined using a field-

emission environmental scanning electron microscope

(Philips XL30 ESEM-FEG, FEI Company, Hillsboro, OR)

operated with 5 kV and a working distance of 6.2 mm.

D. Sequential MSI and tandem mass spectrometry (MS2)

Sequential imaging experiments were performed with a

hybrid MALDI/C60-SIMS time-of-flight imaging mass spec-

trometer, which is a modified QSTAR-XL (AB SCIEX,

Framingham, MA) described in detail elsewhere.27 Positive-

mode imaging was conducted at a raster size of

300 lm� 300 lm with 1.5 s of total acquisition time per

pixel. The mass range was confined to m/z 100–1000, with a

Q1 ion guide transmission bias of 10%, 20%, 30%, and 40%

at m/z 120, 240, 440, and 600, respectively. In1–7
þ cluster

ions were used for external calibration. Images were collected

in Analyst 1.1 and oMALDI Server 5.1 (AB SCIEX), con-

verted from wiff to img format at 20 data points per mass unit,

and processed with BioMap (Novartis, Basel, Switzerland).

SIMS imaging with neat or metallized samples was per-

formed using a 20 keV continuous C60
þ beam (Ionoptika,

Ltd., Hampshire, UK) operated with a 80-lm spot size and a

1300 pA sample current for a total ion dose of 5.1� 1013

ions/cm2. For MetA-LDI, a 337 nm Spectra Physics (Santa

Clara, CA) VLS-335 pulsed nitrogen laser (oblong spot size

of 100 lm� 200 lm) was operated at 40 Hz and 90 lJ. As

illustrated in Scheme 1, biofilms were (1) imaged directly by

C60-SIMS, (2) coated in 1–2 nm of Au and imaged by MetA-

C60-SIMS, and (3) imaged by MetA-LDI. Between each

image collection, the analysis region was offset by 100 lm

to enable examination of an unperturbed region. It is impor-

tant to note that the laser spot is larger than the �120 lm of

unperturbed area; therefore, the peripheries of the LDI rows

may have been influenced by the prior SIMS acquisitions.

MS2 was performed directly from the sample surface

using the spectrometer and microprobe settings described

above, argon collision gas, and 20–50 eV collision-induced

dissociation as needed.

E. Statistical evaluation of the sequential imaging
results

To quantitatively investigate the spectral changes associ-

ated with gold coating, MSI data were analyzed with several

custom MATLAB scripts (MathWorks, Natick, MA). AB SCIEX

wiff files were converted to mzML with the ProteoWizard

msconvert function,46 and the resulting mzML files were fur-

ther converted to imzML with the imzMLConverter pro-

gram47 and read into MATLAB with a modified version of

loadimzMLfile from MSiReader.48 The raw spectra were

binned at m/z 0.1 for nontargeted analysis, and a total ion

count (TIC)-normalized average spectrum was calculated for

each image row. For principal component analysis (PCA), the

image matrices were concatenated and analyzed with the pca

functions in MATLAB. Score plots depict the score of each aver-

aged row of the image. The data were further analyzed with

targeted m/z values corresponding to potential analytes of in-

terest (Table S1).49 The TIC-normalized, maximum intensity

within 250 ppm of each m/z value was extracted and averaged

by row as before. In addition to PCA, the relative change of

SCHEME 1. Experimental design for the sequential imaging experiments. The

100 lm offset provided an unperturbed region for each subsequent ioniza-

tion modality; 2–3 nm of gold was applied between images 1 and 2.
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absolute intensity was also calculated as the pair-wise differ-

ence between corresponding rows of the images.

III. RESULTS AND DISCUSSION

A. Application of a thin gold film reduces
fragmentation and ionization of media-specific
compounds

Three separate P. aeruginosa biofilms were sequentially

imaged, as described in Sec. II. The growth across two of

these samples was macroscopically uniform, while the center

of the third sample had a region of visibly thin growth (Fig.

S1). Representative spectra for the three imaging modalities

are displayed in Fig. 1(a). Each spectrum was generated by

averaging the pixels contained within an imaging row, and

was drawn from adjacent regions on the same biofilm to

diminish intra- and intersample variability. While the three

methods generated ions across the entire mass range, the rep-

resentative C60-SIMS spectrum in Fig. 1(a) contains multiple

peaks that are either substantially higher in absolute intensity

FIG. 1. (a) Representative mass spectra for MetA-LDI (green), MetA-C60-SIMS (blue), and C60-SIMS (red), generated by averaging pixels across adjacent

imaging rows in biofilm 2; (b) scores plot; and (c) loadings plot from unsupervised PCA of 780 average row spectra from biofilms 1 (•), 2 (�), and 3 (þ), and

the media control C (O). The gold cluster ions are marked with an asterisk (*) in the MetA-C60-SIMS spectrum of panel (a).
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or exclusive to this ionization mode. A comparison of the

C60-SIMS spectra from biofilm 2 with those obtained from

the culture media control (Fig. S2) shows that the over-

whelming majority of the high intensity ions from the bio-

film are also present in the media control, suggesting that the

high intensity C60-SIMS ions are derived from constituents

of the culture medium, rather than bacteria-specific biomole-

cules. As can be seen in the representative MetA-C60-SIMS

spectrum in Fig. 1(a), following the application of gold,

media-specific ion intensities are substantially diminished

and the Auþ, Au3
þ, and Au5

þ ions (m/z 196.97, 590.91, and

984.80, respectively) are predominant. The MetA-LDI spec-

trum is also free of the most intense C60-SIMS constituents,

and several ions arise in the m/z range corresponding to lip-

ids (e.g., m/z 500–800).

The three images from each sample and the media control

were deconstructed into individual rows, the pixels

contained within each row were averaged together to create

a collection of 780 spectra from 12 images, and nontargeted

PCA was performed to evaluate the major differences

between samples and between ionization methods. The

scores and loadings plots for the first two principal compo-

nents [Figs. 1(b) and 1(c)] show two levels of clustering,

with the mode of ionization providing primary clustering,

and the sample origin providing secondary clustering.

Those spectra affiliated with C60-SIMS (red) largely

group at positive values of PC1 (44% of the total variance in

the data set), which are heavily influenced by media-specific

background ions (e.g., m/z 288.9, 554.7, 390.8, 186.9, etc.),

and toward the null point of PC2 (23% of the variance). This

is in contrast with the MetA-C60-SIMS spectra (blue), which

separate to positive values of PC2 and the null point of PC1.

The positive direction of PC2 is heavily weighted by the

Au1–3
þ cluster ions and unidentified peaks at m/z 608.8 and

626.9, which are most prominent in the MetA-C60-SIMS

spectra. Also of note, many of the C60-SIMS and MetA-C60-

SIMS spectra are roughly distributed along lines in the

scores plot. This distribution is generally indicative of a

sample with roughly constant ratios for ions along a given

vector, but that differ in absolute intensity. In this case, the

spectra partition along PC1, which is heavily influenced by

background ions arising from the cell culture medium. It

therefore appears that the spectral distribution reflects a pro-

portional scaling of media-specific ions.

The MetA-LDI spectra (green) are found at negative val-

ues of PC1 and PC2, a space influenced by high intensity

ions in the lipid mass range (e.g., m/z 525.3, 527.4, 673.4,

577.4, etc.), and by a few prominent low-mass ions at m/z
294.2 and 292.2. MS2 results reveal that m/z 292.2 and 294.2

are similar in structure to compounds from the 2-alkyl-4-

quinolone class (Fig. S3). For a more complete discussion of

the relevant biomolecules, see Sec. III B. Analogous MS2

evaluation of the high mass ions clustering toward negative

PC1 and PC2 reveals that these ions correspond to RHL

biosurfactants (Table S2 and Fig. S4).

Interestingly, the MetA-C60-SIMS and MetA-LDI spectra

from the media control (open circles) cluster together with

biofilm spectra obtained with C60-SIMS. This distribution

across PC1 most likely arises because the control is deficient

in compounds produced by P. aeruginosa and contains only

the background ions that dominate the C60-SIMS spectra.

Consistent with the trends observed in the representative

spectra of Fig. 1(a), MetA-C60-SIMS primarily separates

across PC2 because of the strong Au1–3
þ cluster ion signals,

MetA-LDI separates in PC1 based upon abundant ions in the

lipid range, and C60-SIMS separates based upon the preva-

lence of background ions from the cell culture medium.

In situ MS2 of the more massive ions from the biofilm

and media control reveals that many of the high-intensity

ions observed with C60-SIMS are fragments of larger ions.

For example, MS2 of m/z 594.77 [Fig. 2(a)] produced the

successive loss of 101.95 to generate m/z 492.77, 390.83,

288.89, and 186.94, which are present at high abundance in

MS1. Similar peak series are observed for many components

of the C60-SIMS spectra; starting with a given low mass ion

(e.g., m/z 164.90, 186.91, or 202.85, among others) and

successively adding m/z 101.95 results in many of the other

high-abundance peaks. The presence of many of the same

ions in both MS1 and MS2, and the regular pattern of frag-

mentation, suggests that these constituents arise from in-

source fragmentation of higher molecular weight polymers.

Attempts to identify the low mass, media-specific ions

through pseudo-MS3 were unsuccessful.

FIG. 2. (a) In situ C60-SIMS MS2 of a representative media-specific ion, m/z
594.8, produces the successive loss of 101.95 to generate several high-

abundance ions that are also found in the MS1 spectra; (b) MS1 images of

the m/z 186.92–594.72 ion sequence in biofilm 2; and (c) relative abundance

change between C60-SIMS and the other two ionization modalities. The

white scale bars in (b) represent 1 cm, and the error in (c) was calculated as

the relative standard deviation between biofilms with n ¼ 3.
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Remarkably, ionization of these high-abundance polymeric

fragments is substantially diminished following metallization.

For example, ion images of the m/z 186.91–594.27 sequence

in biofilm 2 [Fig. 2(b)]—which are broadly representative of

the media-specific ions as a whole—are substantially lower in

intensity with MetA-C60-SIMS and MetA-LDI than with C60-

SIMS. This phenomenon was quantitatively explored through

pairwise comparison of the three imaging modalities [Fig.

2(c)]. Calculating the change in abundance of MetA-C60-

SIMS and MetA-LDI relative to C60-SIMS reveals that ioni-

zation of media-specific compounds decreases by an average

of 65% for MetA-SIMS and 89% for Meta-LDI. Taken

together, these results suggest that the gold treatment facili-

tates a reduction in C60-SIMS in-source fragmentation.

B. Gold treatment exhibits a variable influence on
small molecule ion yield

The community-scale coordination of biofilm-bound P.
aeruginosa is dependent upon the production and utilization

of a wide assortment of small molecule secondary metabo-

lites. Important classes include AQs, of which several have

been identified as intercellular signaling molecules,50 and

RHLs, which are biosurfactants important for colony mor-

phology and nutrient uptake (see Fig. 3).51 Both compound

classes are structurally diverse, with variations in the length,

number, and saturation of the aliphatic side-chains, as well

as the position of the hydroxyl group in AQs and the number

of rhamnose groups in RHLs. It is unclear whether the

diversity in structure is matched by a similar diversity in

function, as only a few of the over 50 AQs found in P. aeru-
ginosa have assigned functions.52

Both AQs and RHLs are abundantly expressed in the bac-

terial communities examined here and are readily observable

with all three imaging modalities. The spectra displayed in

Fig. 4(a) show protonated molecular ions for several AQs,

including 7, 9, and 11 carbon variants of each of the three

major subclasses—e.g., 2-alkyl-4-quinolones (observed at

m/z 244.18, 270.17, 272.21, 298.23, and 300.21), 2-alkyl-3-

hydroxy-4-quinolones (observed at m/z 260.18, 286.19,

288.20, 314.23, and 316.23), and 2-alkyl-4-quinoline-N-

oxides (which are isomeric with 2-alkyl-3-hydroxy-4-quino-

lones). Several of these ions have been previously assigned

via MS2,5,53 and they are similarly characterized in this work

(Table S2 and Fig. S4). Also observable in the spectra pre-

sented in Fig. 4(a) are AQ fragments (e.g., m/z 159.08,

172.09, 196.09, and 210.10), Auþ at m/z 196.97, and back-

ground ions from the cell culture medium (as indicated by

asterisks). Several RHLs are also present in both the sodiated

([MþNa]þ ) and disodiated ([Mþ 2Na–H]þ) forms; how-

ever, with the exception of Rha-C10 at m/z 379.19, most are

not observable in the m/z range shown in Fig. 4(a) and can

instead be seen in Fig. 1(a). Abundant RHLs include Rha-

C10 (m/z 379.17), Rha-C8 (m/z 497.20), Rha-Rha-C10 (m/z
525.26), Rha-C10-C10 (m/z 527.33), and Rha-Rha-C10-C10

(m/z 673.41).

To investigate the intensity changes of AQs and RHLs

independent of the media background, targeted PCA was

performed by selecting only ions derived from either AQs,

AQ fragments, or RHLs. A full list of the ions used for tar-

geted PCA is presented in Table S1. As can be seen in the

scores and loadings plots for the first two principal compo-

nents [Figs. 4(b) and 4(c)], the spectra again cluster with

others derived from the same ionization modality, and sepa-

rate across PC1 (48% of the variance) and PC2 (40% of the

variance) following the different compound classes.

As is shown in the scores plot of Fig. 4(b) and the load-

ings plot of Fig. 4(c), the spectra affiliated with C60-SIMS

(red) segregate to positive values of PC2 and are heavily

influenced by AQ fragments (labeled in gray) and isomeric

ion pairs from the 2-alkyl-3-hydroxy-4-quinolone and 2-

alkyl-4-quinoline-N-oxide subclasses at m/z 288.20, 286.18,

and 260.17 (red). The MetA-LDI spectra (green) principally

separate to positive values of PC1, which is dominated by

the most abundant RHLs (Rha-Rha-C10, Rha-C10-C10, and

Rha-Rha-C10-C10, at m/z 525.23, 527.32, and 573.38,

respectively), and by high-abundance AQs from the 2-alkyl-

4-quinolone subclass at m/z 244.17, 270.19, and 272.20

(red). MetA-LDI spectra also separate to negative values of

PC2. The negative loading of RHLs in PC2 indicates that

this compound class is responsible for the majority of the

separation between spectra from MetA-LDI and those from

the other modes of ionization.

Also shown in Figs. 4(b) and 4(c), spectra arising from

MetA-C60-SIMS (blue) are found between those derived

from the other two ionization modalities, with localization at

FIG. 3. (a) AQs and (b) rhamnolipids (RHLs) produced by P. aeruginosa.

Intraclass heterogeneity arises from the length and saturation of the aliphatic

sidechain (R), as well as the presence and location of the hydroxyl group in

AQs and the number of rhamnose (Rha) and R groups in RHLs. See Table

S1 for more information on the specific analytes observed in this study.
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positive values of PC1 and PC2. This grouping appears to be

heavily influenced by variable ionization of the AQ sub-

classes, different amounts of AQ fragmentation, and differ-

ences in RHL abundance. AQs from the 2-alkyl-4-quinolone

subclass, which is found at the null point of PC2 and positive

values of PC1 on the loadings plot, influence the separation

between neat C60-SIMS and MetA-C60-SIMS.

The media controls from all three ionization modalities sepa-

rate to the zero value for PC2 and negative values of PC1, most

likely because these spectra have below-average intensities for

all analytes. Also of note, biofilm 3 is an outlier, with its spectra

clustered toward more negative values of PC1 than the other

spectra from similar ionization methods. Examination of the op-

tical images (Fig. S1) reveals that the center of biofilm 3 is

largely devoid of the structure associated with the other two sam-

ples, and therefore, the observed clustering of this sample most

likely arises because a substantial region lacks the target analytes

and has a chemical composition more resembling the control.

The variation in C60-SIMS AQ ionization was further

explored both qualitatively and quantitatively (Fig. 5). Ion

images of the 2-alkyl-4-quinolones [Fig. 5(a)] show

substantially higher sensitivity following the application of

gold, with the 9-carbon variant (2-nonyl-4-quinolone, or

NHQ, m/z 272.21) showing the largest enhancement of

120 6 20% (mean 6 SD for biofilms, n¼ 3). Also notable is

the enhanced SIMS sensitivity for the 11 carbon variant

(2-undecyl-4-quinolone, or UHQ, m/z 300.21), which is

nearly undetectable with C60-SIMS but well within the

detection limit for MetA-C60-SIMS. Quantitative compari-

sons (calculated as the percent change in SIMS signal

intensity before and after metallization) of the 2-alkyl-4-

quinolone intensities show this same trend, with all analytes

from this subclass enhanced by more than 46% following the

application of gold [Fig. 5(b)]. Variation between specific

analytes is substantial, with NHQ and UHQ showing the

most improvement (141 6 7% and 117 6 6%, respectively, in

biofilm 2, mean 6 standard error of the mean), and the

double-bonded variant of NHQ (db:NHQ) showing the least

improvement (33 6 7% in biofilm 3).

Similar evaluation of the isomeric AQs at m/z 286.19

(db:C9), 288.20 (C9), 314.23 (db:C11), and 316.23 (C11)

shows the opposite trend, with a near universal signal

FIG. 4. (a) Representative spectra for MetA-LDI (green), MetA-C60-SIMS (blue), and C60-SIMS (red) generated by averaging pixels across adjacent imaging

rows in biofilm 2; (b) scores plot and (c) loadings plot from targeted PCA of 780 average row spectra from three biofilms 1 (•), 2 (�), and 3 (þ), and the media

control C (O). Ions marked by an asterisk (*) in (a) are also found in the control sample.
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depression of �44% following gold application [Figs. 5(c)

and 5(d)]. The notable exception is m/z 260.18, which corre-

sponds to the protonated molecular ions of 2-alkyl-3-heptyl-

4-quinolone (also known as PQS) and 2-heptyl-4-quinoline-

N-oxide (HQNO). The PQS/HQNO isomeric pair shows an

enhancement of 26 6 2.5%, 19 6 3%, and 28 6 8%, with

biofilms 1, 2, and 3, respectively.

The change in intensity of the isomeric AQ pairs at m/z
260.18, 286.19, and 288.19 was further investigated through

MS2 of PQS and HQNO standards (Fig. 6). The most abun-

dant fragments for HQNO and its analogs result from the

loss of the N-oxide oxygen and fragmentation of the ali-

phatic sidechain in either the a- (m/z 159.08) or b-position

(m/z 172.09) relative to the quinolone ring. This is in contrast

to AQs from the PQS family, which retain the hydroxyl

group and undergo aliphatic sidechain fragmentation to pro-

duce m/z 175.08 and 188.09 [Fig. 6(a)].53 MS2 of a dried

droplet containing both PQS and HQNO standards before

the application of gold [Fig. 6(b)] shows fragments for both

FIG. 5. C60-SIMS ion images for AQs in biofilm 2 and relative intensity

changes observed for the three samples before and after the application of

gold. (a) and (b) 2-alkyl-4-quinolones, (c) and (d) combined 2-alkyl-3-

hydroxy-4-quinolones and 2-alkyl-4-quinoline-N-oxides. Each bar on the

graph depicts the intensity change for a single ion over a biofilm and the

error was calculated as standard error of the mean with n ¼ 61, 58, and 56

for biofilms 1, 2, and 3, respectively. The white scale bar represents 1 cm.

FIG. 6. (a) Predicted fragmentation patterns for the isomeric AQ pairs, and MS2

before and after metallization of (b) m/z 260.2 in an approximately equimolar

mixture of PQS and HQNO standards on a silicon wafer, (c) m/z 260.2 from the

biofilm surface, and (d) m/z 288.2 from the biofilm surface. These data show that

ionization of N-oxide AQs is preferentially suppressed following metallization.
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compounds, with m/z 159.08 as the most intense peak.

Following the application of gold, the abundance of the

HQNO product ions decreases, while the PQS fragment at

m/z 175.08 becomes the most abundant product ion in the

MetA-C60-SIMS spectrum. The same trend is observed for

MS2 of the isomeric pairs at m/z 260.18 [Fig. 6(c)] and

288.21 [Fig. 6(d)] in the biofilm sample. While the MetA-

LDI was not presented in Fig. 6, the N-oxide AQs are largely

absent from these spectra, and the overall trends in ioniza-

tion more closely resemble MetA-C60-SIMS than C60-SIMS.

Taken together with the ion images in Fig. 5, these data sug-

gest that the gold coating leads to selective enhancement of

PQS and HHQ-type AQs, whereas ionization of the N-oxide

AQs is suppressed.

The ionization of RHLs is also substantially enhanced

(Fig. 7); however, the effect is highly variable between sam-

ples. Biofilms 1 and 2 show a 45%–300% improvement in

RHL ionization following the application of gold, while

biofilm 3 shows either no change or a decrease in ion abun-

dance. It is likely that this incongruence arises from the dis-

tinctive morphology (Fig. S1), as the center of the sample is

devoid of a thick biofilm matrix. Further examination of the

ion images for biofilm 3 (Fig. S5) shows that the overall

RHL abundance is low and mostly localized to the sample

edge. One exception to this is Rha-Rha-C10, which appears

to have a higher abundance in the biofilm center.

C. Evaluation of the gold coating and biofilm
morphology

To evaluate the morphology and thickness of the gold

coating, a bare silicon wafer was half-masked with clear

tape, sputtered with gold, and examined with AFM. After 6 s

of sputtering, the average height change across the Au/Si

interface was found to be 2.6 nm (625% SD for n¼ 4 line

scans). Ra values (mean of the absolute height value) were

found to be 2.8 Å 6 7% and 1.3 Å 6 8% SD for the gold-

coated and bare silicon surfaces, respectively (Fig. S6).

These results are in agreement with previous scanning and

transmission electron microscopy observations.37,39

Analogous evaluation of the gold-treated biofilms was hin-

dered by the surface heterogeneity; both SEM and AFM

showed dramatic height variations, with a deviation of more

than 1 lm observed across a lateral distance of 5 lm (Fig. S7).

Even with relatively simple organic samples, other authors

have reported that variations in surface cohesion result in the

formation of 20–100 nm gold islets separated by bare regions

of sample; therefore, it is exceedingly unlikely that the biofilm

is coated in a uniform layer of gold.29,34 Furthermore, a

detailed examination of the deposition of metals onto multi-

layers of benzene revealed that metals penetrate into the sur-

face of the sample and form subsurface clusters.54 Thus, it is

probable that much of the sputtered gold penetrates the

biofilm surface to form subsurface structures.

IV. INSIGHTS INTO THE MECHANISM
OF MetA-c60-SIMS

The mechanism behind MetA-SIMS ionization enhance-

ment is still under debate; nevertheless, several credible

hypotheses have been proposed. It has been suggested that

metallization can induce changes in the local band structure

and work function of the surface, leading to preferential ioni-

zation, even in instances when sputtering efficiency remains

unchanged.18,38,39 The increase in small molecule ion yields

may also arise from a mitigation of matrix effects, as was

initially shown by Inoue and Murase40 using a simple

mixture of Irganox 1010 and silicon oil. Another intriguing

theory is that a combination of analyte migration and

increased sputtering efficiency through surface hardening are

responsible for the enhancement effect. Using both Gaþ and

SF5
þ primary ions to analyze a series of organic dyes,

Adriaensen et al.41 showed that protonated molecular ions

and characteristic fragments increase in intensity following

gold and silver application. As the sample aged, the proto-

nated molecular ions generally decreased in intensity while

the characteristic fragment ions increased in intensity. This

result, as well as the observation that ionization of larger

polymers—which would presumably be tangled together

with other analytes and therefore be less mobile—is

depressed following metal application, suggests that endoge-

nous small molecules migrate onto the top of the gold islands

and become more accessible to the primary ion beam.38

Augmenting molecular migration is the idea of surface

stopping power; an increase in the hardness of a surface

leads to the deposition of a higher proportion of the primary

ion beam energy in the near-surface region of the sample

and accordingly, an increase in sputtering yield for intact

secondary ions. For monatomic ion beams, this hypothesis

FIG. 7. (a) RHL ion images for biofilm 2 and (b) relative abundance change

for all three biofilms before and after the application of 2–3 nm gold. Each

bar on the graph depicts the intensity change for a single ion in a single bio-

film and the error was calculated as standard error of the mean with n ¼ 61,

58, and 56 for biofilms 1, 2, and 3, respectively. The white scale bar in (a)

represents 1 cm.
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has been widely supported empirically and theoreti-

cally.34–37,39,55,56 In a pair of studies, Heile et al.36,43 investi-

gated the relationship between the primary ion beam

composition and surface hardness and showed that as the

effective thickness of the metal layer increases, there is a

tradeoff between an accessible surface (i.e., uncoated area)

and hardness. These findings partially explain the previous

observation that metallization reduces ionization when poly-

atomic projectiles are used. Even on neat organic samples,

polyatomic projectiles produce shallow impact craters with

minimal subsurface damage; therefore, the metal coating

reduces the accessible area without providing the benefit of

reduced surface penetration.36 In agreement with previous

observations on hard surfaces, examination of AQ standards on

a silicon wafer before and after the application of gold shows a

substantial reduction in ion yield (68%, 32%, and 90% reduc-

tion for HHQ, PQS, and HQNO, respectively, Fig. S8).

In contrast with the samples routinely studied by the

SIMS imaging community (e.g., single and few component

polymers, spin–cast organic standards, and even cell culture

or tissue slices), bacterial biofilms present a heterogeneous

surface both with respect to hardness and overall architec-

ture. Taking these considerations into account, it is likely

that the observed signal enhancement is the result of several

different effects including: (1) a reduction in the fragmenta-

tion and ionization of high molecular weight background

polymers from the cell culture medium, and thus, a reduction

in matrix effects; (2) a more efficient collision cascade and

molecular ejection event; (3) reduced fragmentation of larger

biomolecules (e.g., RHLs), and therefore, increased ioniza-

tion of intact molecular ions; and (4) chemical phenomena,

such as differential molecular diffusion onto the top of the

gold or alterations in the chemical properties of the surface.

The ionization differences between AQ subclasses might

arise from differences in depth, preferential migration, or a

chemical reaction that produces a secondary byproduct

unobservable by MSI.

V. CONCLUSIONS

In this work, we compare the small molecule imaging

capabilities of MetA-C60-SIMS to both C60-SIMS and

MetA-LDI, and show metallization to be a promising sample

treatment for small molecule imaging of complex biological

systems. A combination of qualitative image comparison

and quantitative statistical analysis shows that sputtering the

biofilm surface with an effective 2.5 nm layer of gold pro-

vides increased sensitivity and improves spectral purity

through reduced ionization of background ions from the cell

culture medium. In contrast to standards (Fig. S8) and previ-

ous studies reporting universal signal depression, we find

that metallization improves in situ C60-SIMS ionization for

several molecular classes, including 2-alkyl-4-quinolones

and RHLs, by up to 300%. The dramatic reduction in back-

ground following the application of gold highlights the util-

ity of MetA-C60-SIMS in cases when the study is afflicted

by interference from endogenous background components.

When it is necessary to examine intact molecular ions and a

premium is placed on high spatial resolution, MetA-C60-

SIMS may be the best available option.

The success and degree of the enhancement appears to be

dependent upon both the analyte class and the surface com-

position, suggesting that MetA-SIMS ionization relies upon

the interplay between the chemical and physical properties

of both the sample and the analytes themselves. While we

anticipate that these methods will be broadly applied for

polyatomic MetA-SIMS analysis of a diverse assortment

sample types, the heterogeneous nature of the enhancement

most likely dictates rigorous optimization for each sample

under investigation. It is further likely that additional tuning

of the thickness and composition of the metal overlay will

lead to even greater enhancements than those observed in

the present study.
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