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Abstract

Heterogeneity in the distribution of nutrients and oxygen gradients during biofilm growth

gives rise to changes in phenotype. There has been long term interest in identifying spatial

differences during biofilm development including clues that identify chemical heterogeneity.

Laser ablation sample transfer (LAST) allows site-specific sampling combined with label

free proteomics to distinguish radially and axially resolved proteomes for Pseudomonas aer-

uginosa biofilms. Specifically, differential protein abundances on oxic vs. anoxic regions of a

biofilm were observed by combining LAST with bottom up proteomics. This study reveals a

more active metabolism in the anoxic region of the biofilm with respect to the oxic region for

this clinical strain of P. aeruginosa, despite this organism being considered an aerobe by

nature. Protein abundance data related to cellular acclimations to chemical gradients

include identification of glucose catabolizing proteins, high abundance of proteins from argi-

nine and polyamine metabolism, and proteins that could also support virulence and environ-

mental stress mediation in the anoxic region. Finally, the LAST methodology requires only a

few mm2 of biofilm area to identify hundreds of proteins.

Introduction

Pseudomonas aeruginosa is a metabolically versatile bacteria that synchronizes expression of

genes in a controlled framework such that survival in different environments is matched to

manage efficiency and fitness during its growth stages [1]. P. aeruginosa can generate bacterial

virulence factors that amplify antibiotic resistance, making it an opportunistic pathogen that

takes advantage of immunocompromised hosts. Thus, P. aeruginosa is prominent within infec-

tions that occur in patients with cystic fibrosis, diabetic foot ulcers, burn wounds, and

implanted bio-materials [2]. Because such nosocomial infections can transition quickly from

acute to chronic stages, they can be difficult to treat and even life threatening [3]. The severity

of such infections arises in part from antibiotic resistance which causes morbidity and mortal-

ity in patients, with over two million cases within the U.S. population annually [4, 5].
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The sessile aggregates or biofilms of P. aeruginosa have been widely studied and chemical

and physical heterogeneity along radial and axial (vertical) axes are common [6]. Axial distri-

bution of oxygen in P. aeruginosa biofilms has been measured using microelectrodes [7, 8],

while metabolic activity has been measured using reporter proteins [6, 9, 10] and transcrip-

tomic analyses [6, 9]. Proteomic analyses of whole biofilms have also been performed previ-

ously [8, 11–13]. However, there have been relatively few studies focused on spatially resolved

P. aeruginosa biofilm proteomics [6, 14, 15].

Mass spectrometry (MS) imaging studies the spatial distribution of multiple analytes rang-

ing from small molecules to lipids, peptides and proteins by creating a two-dimensional heat

map of the abundance and distribution of representative ions [15]. Matrix assisted laser

desorption ionization (MALDI) is the most popular probe for MS imaging [16]. MALDI usu-

ally employs nanosecond (ns), ultraviolet laser pulses to desorb biomolecules from a chemical

matrix-coated sample [17]. Improvements in spatial resolution and sensitivity in MALDI-MS

imaging have been achieved using high mass resolution/accuracy MS instrumentation, meth-

odologies to spray thinner and more uniform matrix coatings, new matrices, and better laser

spot focusing [15, 17–19]. Another popular method in MS imaging crosses the ablation plume

formed by a mid-infrared ns laser pulse with the output from an electrospray ionization source

(sometimes referred to as laser ablation electrospray ionization or LAESI) [20]. Laser wave-

lengths near ~3 μm are resonant with the OH stretch vibrations of water, facilitating explosive

plume-like ablation from biofilms and other hydrated biological samples [20]. MALDI, LAESI,

and other popular methods of MS imaging like desorption electrospray ionization (DESI) [21,

22] typically lack the chromatographic separation that is so effective for MS analysis of bacte-

rial biofilms, animal tissue, and other intact biological samples.

Localized sampling can be accomplished in several ways beyond the use of focused probes.

Manual dissection [23–25] can remove a portion of the surface from the bulk material, while

laser capture microdissection [26–28] allows more precise localized sampling. Liquid micro-

junctions [29] have also been used to achieve extraction of specific analytes from a biological

surface through tuning the composition of the extraction mixture. However, it is either difficult

or impossible to perform a layered extraction or measure a depth profile using these methods.

Laser ablation sample transfer (LAST) is utilized here for sampling, as shown in Fig 1.

LAST utilizes a mid-infrared ns-pulsed laser to ablate hydrated biological samples [30, 31], like

LAESI. Murray and co-workers have used LAST for analysis of a diversity of samples including

mouse brain, mouse lung tissue, peptide and protein standards, fingerprints, ink, and both

enzymes and lipids on bacterial colonies of Escherichia coli and Bacillus cereus grown on liquid

media [30–34]. The LAST method can be used as a field sampling or offline technique [35],

where collected material can be stored for subsequent processing and analysis. LAST also per-

mits spatially resolved sampling and can be sequentially combined with liquid chro-

matographic (LC) separation and tandem mass spectrometry (MS/MS) for bottom-up

proteomic analysis of complex biological samples.

Selection of the laser fluence and irradiation geometry enables different ablation modalities.

Higher laser fluence irradiation in reflection geometry (front side) can ablate the entire irradi-

ated biofilm volume. Lower laser fluence irradiation in transmission geometry (back side of

the glass slide, through translucent biofilm) induces laser spallation [36, 37] that leads to abla-

tion of only the outmost layer of the biofilm, as shown in Fig 2. Spallation is thought to proceed

via a pressure wave propagating from the point of irradiation along the longitudinal axis of the

biofilm [36, 37].

LAST is demonstrated here to be effective for region-specific proteomic analysis of bacterial

biofilms by coupling it with bottom-up proteomics via LC and high-resolution Orbitrap MS/

MS. The method is found here to be particularly sensitive in that it requires only a few mm2
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area of a biofilm to identify hundreds of proteins. This work combines current advances in

bottom-up proteomics to spatially resolve bacterial proteomes within P. aeruginosa biofilms,

further revealing the remarkable molecular machinery involved in their acclimation to envi-

ronmental conditions.

Materials and methods

Laser ablation sample transfer

The laser ablation sample transfer setup was constructed in-house based upon a published

design of Murray and Donnarumma [33] and is depicted in Fig 1. Mid-infrared laser pulses

Fig 1. Schematic of laser ablation sample transfer (LAST) apparatus. A mid-IR laser beam is directed in transmission geometry through a glass slide to

irradiate a biofilm. The spallated material is collected on a microcentrifuge tube for further processing.

https://doi.org/10.1371/journal.pone.0250911.g001
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(2.94 μm, ~7 ns, 20 Hz) from a Nd:YAG-pumped optical parametric oscillator (IR Opolette,

Opotek, Carlsbad, CA) were transmitted through an iris onto a 45˚ angle gold mirror. The

reflected laser beam was focused normal to the sample surface through a 50 mm CaF2 lens in

transmission geometry onto biofilm samples adhered to glass microscope slides. Inverted sam-

ple slides were placed on a xyz translation stage operated using 25 mm motorized linear actua-

tors (Model 462, CMA-25CCCL, Newport, Irvine, CA, USA), controlled by previously

described software [38]. Biofilm samples were ablated with the laser irradiation perpendicular

to the sample surface while the sample stage moved at a speed of 0.2 mm/s. The spot size of the

focused beam was 260 μm with a laser fluence of 4.6 ± 2.1 J/cm2. The laser spot size was deter-

mined by ablation of agar gels, followed by examination of the gels using a digital camera

(DFC 495, Leica Microsystems Inc., Buffalo Grove, IL), where ~50 μm thick agar gels were pre-

pared from 1.5 g of agar powder dissolved in 5.0 mL of water, coated on glass microscope

slides and air-dried. Ablation followed the perimeter of 4 mm square of a biofilm, requiring a

total of ~1500 laser shots. A microcentrifuge tube with buffered solution (10 mM NH4HCO3,

pH 8.0) was used to collect the ablated material.

Fig 2. Ejection of biofilm via spallation. Spallation is thought to proceed via pressure wave propagation from the point of

irradiation along the longitudinal axis of the back irradiated biofilm.

https://doi.org/10.1371/journal.pone.0250911.g002
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Growth and ablation of biofilms

Chronic wound clinical isolate 215 strain of Pseudomonas aeruginosa was chosen for these

studies as it was part of a polymicrobial wound biofilm model [39]. A glycerol stock of P. aeru-
ginosa was used to inoculate a CSP-agar (chemically defined nutrient media for bacterial

growth) streak plate, as described previously [8]. The streak plate inoculum was incubated for

16 hours at 37˚C, then used to establish fresh colonies of P. aeruginosa in planktonic culture

(10 mL of CSP liquid media). This planktonic culture was grown until it attained an optical

density of 0.1 at 600 nm absorbance (OD600).

Planktonic cultures of P. aeruginosa at OD600 = 0.1 (20 μL) were inoculated onto sterile

polycarbonate membranes (25 mm diam, 0.2 μm pore size from GE Life Sciences, Marlbor-

ough, MA), then were grown for three days on chemically-defined (CSP) medium introduced

into solid agar. Biofilms supported on membranes were transferred onto fresh media plates

every 24 hours [8]. These polycarbonate-grown biofilms were used to develop and evaluate the

analytical methodology and to measure the radially resolved proteome.

Biofilms were also grown on transwell cell culture plate membrane inserts (0.4 μm pore

size, Corning Inc. Tewksbury, PA) that were placed in six well plates with 2.5 mL of CSP

media. The transwell membranes were inoculated with 100 μL of diluted P. aeruginosa culture

(from OD600 = 0.1 aliquots of planktonic culture which were first diluted to OD600� 0.03) and

grown for three days with agitation. The transwell membranes were transferred every 12 hours

to fresh CSP media in new cell culture plates. A scalpel blade was used to separate the transwell

membranes from the plastic insert that was then inverted onto a microscope slide. The glass

slide was then placed in a secondary container and stored in dry ice for 15 min, the membrane

was peeled off while still frozen to expose its anoxic side (see S1 Fig), and finally thawed prior

to laser irradiation for examination of the axially resolved proteome. A similar process was

used to expose the oxic surface via a second transwell membrane, as shown in Fig 3.

Proteomic analyses

The basic LC-MS/MS analysis strategy as well as the qualitative and quantitative proteomics

were adapted from a method that was previously described in detail [8] and is only summa-

rized here. Laser ablated material from the polycarbonate- or transwell-membrane biofilms

was captured in a buffered solution, then concentrated by vacuum centrifugation (Labconco

Corp., Kansas City, MO) at 30˚C and 1725 rpm. The residues were reconstituted in 20 μL of

Laemmli buffer with 5% β-mercaptoethanol to reduce disulfide bonds, then heated to 90˚C for

complete denaturation of proteins for sodium dodecyl sulphate—polyacrylamide gel electro-

phoresis (SDS-PAGE) analysis.

Each lane in the SDS-PAGE gel was excised and processed with an in-gel digestion protocol

[40]. The processing of entire lanes was done to maintain consistency with the SDS-PAGE

results. The resultant tryptic digested peptides were reconstituted in 10 μL of 5% acetonitrile,

0.1% formic acid buffer for LC-MS/MS analysis. Difficulties arose in quantifying the relatively

low levels of protein by a Bradford assay [41, 42]. Peptide concentrations for LC-MS/MS injec-

tion from the transwell membranes were instead measured using 1 μL aliquots of each sample

on a micro-volume UV-visible spectrophotometer (Nano Drop One, Thermo Fisher Scientific,

Wilmington, DE) [43], where the absorbance ratios of 280 nm to 205 nm (due to amide bonds

of proteins) were used to determine the volume of injection corresponding to an equivalent

amount of protein for normalization across biological replicates. This strategy reduced inter-

ference in UV absorbance from detergents and also reduced bias arising from consideration of

only aromatic peptides.
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Approximately 200 ng of digested peptides resuspensions were separated through nano-LC

(1260 Infinity LC System, Agilent, Santa Clara, CA) with a C18 column (Agilent, Zorbax

300SB, and column dimensions of 150 mm length × 75 μm internal diameter, with 3.5 μm

pore size particles) and a 90-min increasing organic gradient from 7% to 95%. The aqueous

Fig 3. Technique for exposing oxic side of biofilm. The exposed, oxic side of a biofilm grown on its original

membrane was placed on a glass slide, then covered with a new membrane. The membrane-biofilm sandwich was

inverted to peel off the old membrane. The exposed anoxic side on the new membrane was then inverted onto a

second glass slide. Removal of the new membrane exposed the oxic surface for ablation.

https://doi.org/10.1371/journal.pone.0250911.g003
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phase was 0.1% formic acid in water and the organic phase was 0.1% formic acid and 80% ace-

tonitrile in water, leading to a total run time of 120 min at a flow rate of 300 nL/min.

The chromatographically separated peptides were then electrosprayed at 1.90 kV spray volt-

age and 275˚C capillary temperature. Peptide ions were analyzed in a high mass resolution tan-

dem mass spectrometer (Orbitrap Velos Pro, Thermo Fisher Scientific, Waltham, MA) with

automatic gain control set at 106 ions and an injection time between 1 and 200 ms. Full-scan

mass spectra were collected in data-dependent acquisition mode from m/z 400–2000 at 30,000

mass resolution. Ten precursor ions were selected from each full mass spectrum for MS/MS

analyses in high energy collision-induced dissociation mode using 30% energy for

fragmentation.

The MaxQuant computational platform [44] was deployed for protein identification using

the UniProt Knowledgebase [45], which incorporates the data curated by Pseudomonas.com

[46]. KEGG identifications were obtained using Pseudomonas.com if the PseudoCap identifi-

cation was not found on UniProt. The Perseus computational platform [47] was used for sta-

tistical analysis via label free quantification (LFQ), which employs peptide ion intensities to

represent protein abundances. Analysis of proteomic data generally followed the previously

described procedure with only slight modifications [8], as summarized below. Mass spectra

data (.raw) files were directly uploaded and processed using a FASTA file of 3696 reviewed P.

aeruginosa proteins (taxonomy identification 287) downloaded from the UniProt Knowledge-

base database source and used for protein identification via MaxQuant. The main search

parameters for MaxQuant identification were set at peptide tolerance of 4.5 ppm, MS/MS

match tolerance of 20 ppm, MS/MS de novo tolerance of 10 ppm, minimum peptide length of

7, false discovery rate of 0.01, carbamidomethyl fixed modification, oxidation and acetylation

(N-terminus) variable modifications, and enabled contaminant search. Perseus performs label

free quantitation starting with ion intensities from “RAW” files generated by the Orbitrap

mass spectrometer then converting these into a semi-quantitative measure of protein abun-

dance [47]. An unpaired Students’ t-test was used in Perseus, with permutation based false dis-

covery rate of 0.05 in order to reduce identifications of false positives. The final set of

identified peptides was further reduced in a spreadsheet by application of two additional selec-

tion criteria:�10% sequence coverage and at least two unique peptides.

The ablated material from three biological replicates of transwell membrane biofilms were

analyzed separately by LC-MS/MS and the output averaged to represent the axially-resolved

proteome. The proteins from oxic vs. anoxic regions were compared to identify statistically sig-

nificant (q-value� 0.05, and a corresponding adjusted p-value) high and low abundance pro-

teins with at least a twofold change. No statistics are provided for the single analysis for each

region by LC-MS/MS of polycarbonate membrane grown biofilms. The resultant radially-

resolved proteome is only preliminary, but is reported here nonetheless in case it might be of

use for future studies.

Results and discussion

Verification of proteins ablated from polycarbonate membrane biofilms

Preliminary studies required identification of the presence of ablated protein in the material

laser ablated from polycarbonate membrane-grown biofilms. This identification was per-

formed with SDS-PAGE on ablated cell lysates that were each pooled from six distinct biofilms

of total areas of 6, 12, 18 and 24 mm2. These areas correspond the perimeters of 1–4 mm2

squares ablated from the same position on distinct biofilms, then multiplied by six to account

for the pooling of sample collected from six separate biofilms. The images of the protein bands

on a polyacrylamide gel from each lane from the pooled samples are shown in Fig 4A and

PLOS ONE Spatially resolved analysis of P. aeruginosa biofilm proteomes by laser ablation sample transfer

PLOS ONE | https://doi.org/10.1371/journal.pone.0250911 July 22, 2021 7 / 18

http://Pseudomonas.com
http://Pseudomonas.com
https://doi.org/10.1371/journal.pone.0250911


Fig 4. Gels from SDS-PAGE of cell lysates from laser ablated biofilms. A) Preliminary identification of the presence

of proteins in cell lysates from biofilms grown on polycarbonate membranes, collected by laser ablation from 6–24

mm2 total biofilm area. B) Confirmation of proteins in cell lysates collected by laser ablated from anoxic (left) and oxic

(right) 24 mm2 area regions of biofilms grown on transwell membranes. Protein bands of gel lanes were subsequently

excised for in-gel digestion and bottom-up proteomic analysis.

https://doi.org/10.1371/journal.pone.0250911.g004
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confirm the ability of LAST to sample small areas of P. aeruginosa biofilms. Clearly distin-

guishable bands were observed on lanes resulting from at least 12 mm2 of total biofilm area.

These 12 mm2 lanes subsequently yielded a considerable number of protein identifications via

LC-MS/MS, as discussed below. However, 24 mm2 of ablated material was designated as the

minimum required for the oxic vs. anoxic analyses by LC-MS/MS to improve protein

coverage.

Preliminary radially-resolved proteome from P. aeruginosa biofilms

The biofilms evaluated for their radially-resolved proteome were grown for three days on poly-

carbonate membranes placed on CSP-containing agar plates. This biofilm cultivation method

establishes opposing concentration gradients of oxygen and media components similar to

chronic wounds and was methodologically convenient for generating the multiple biofilms

necessary for development of the methods described herein [48–50]. Furthermore, growth on

polycarbonate membranes is analogous to biofilm growth on membranes in tissue culture

wells [8, 14].

Radially-resolved proteomic analyses were performed by collecting ablated material from

two radially distinct regions of three day old polycarbonate-grown biofilms: a central biofilm

region which corresponded to older cells (brown square on Fig 5A) and an outer region of the

biofilm which corresponded to younger cells (green square on Fig 5A) as biofilms grew radially

outward from the central inoculation site. Fig 5A shows schematically that ablation was actu-

ally performed in the shape of concentric squares, a pattern that was readily available to the

motion stage while minimizing the age distribution of cells sampled. Fig 5B shows an optical

image of post-ablation markings on an actual biofilm.

LC-MS/MS analysis of the ablated material from these preliminary samples resulted in

identification of ~400 proteins, but only ~200 of them satisfied the more stringent criteria of at

least three unique peptides and�10% sequence coverage. Analysis of single samples pooled

from six biofilms found 86 proteins unique to the newer cell region (24 mm2 total area) and

fewer proteins unique to the older cell region, as expected given that the latter’s 12 mm2 area

was only half that of the former. The analyses carried out on radial ablations from biofilms on

polycarbonate membranes were performed mainly to support method validation, but these

preliminary protein identities are documented in S1 Table in S1 File. All further work

described below focused on the younger cell region of the transwell membrane-grown

biofilms.

Oxic and anoxic regions of P. aeruginosa biofilms display major differences

in proteome

Fig 4B shows SDS-PAGE of cell lysates from 24 mm2 area regions that were laser ablated from

anoxic and oxic regions of biofilms grown on transwell membranes. While visual examination

of the gel bands of Fig 4B showed no apparent differences between laser ablation of anoxic vs.

oxic regions of transwell-grown biofilms, bottom-up proteomics by LC-MS/MS displayed very

clear differences between the two regions. 24 mm2 square perimeters were laser ablated from

three anoxic or oxic regions of six transwell-grown biofilms grown (three days, all from the

same culture). Proteins from each sample was separated via SDS-PAGE, then the proteins

were digested on the gel and all bands of the lane were extracted and the resultant peptides

injected into the LC-MS/MS. All proteins identified by this procedure are tabulated in S2

Table in S1 File along with their three or four-letter codes, full protein names, the number of

unique peptides identified, the sequence coverage, the differential abundance for anoxic vs.

oxic regions, and statistical significance.
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LAST combined with LC-MS/MS revealed proteins with statistically significant different

abundances between anxoic and oxic regions of these transwell biofilms. The volcano plot in

Fig 6 includes 250 proteins identified that satisfied the stringency conditions of at least two

peptides and�10% sequence coverage, out of a total of 430 proteins identified. An oxygen-

selective electrode distinguished the oxic from anoxic regions in biofilms of this same strain

grown in the same medium and cultivation system (albeit for a shorter growth period) [8], but

Fig 5. Laser ablation of biofilms in square perimeter patterns. A) Schematic of concentric ablation squares that are

either 1 mm (older cell region, in brown) or 2 mm (younger cell region, in green) from the center of the biofilm,

ablation of polycarbonate membrane biofilms. B) Optical image of post-ablation marks on polycarbonate biofilm.

https://doi.org/10.1371/journal.pone.0250911.g005
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the proteins observed therein were averaged across the entire biofilm. The results presented

here show that the bottom, anoxic region of the biofilm displayed the majority of increases in

protein abundance. The bottom, anoxic portion of the P. aeruginosa biofilm had 39 higher

abundance proteins relative to the top/oxic of the biofilm, while the oxic region had only nine

higher abundance proteins relative to the bottom/anoxic region. The observed bottom vs. top

differences in the proteins support the argument that LAST distinguishes anoxic from oxic

regions. However, these experiments cannot rule out the possibility that cells from the two

regions are at least partially mixed either in the native biofilms and/or as a result of the ablation

process.

Fig 6. Volcano plot of statistically significant, differentially expressed proteins from transwell-membrane biofilms. Differential protein abundances for

anoxic vs. oxic regions of P. aeruginosa three day grown transwell biofilms. Proteins with statistically significant (-log10(p-value)> 1.3) changes in abundance

are highlighted above horizontal black line. Of those, proteins with |log2(Xanoxic/Xoxic)|� 1, where X(an)oxic is protein abundance, are deemed as significantly

higher or lower abundances and are annotated as blue or red points, respectively. The ten proteins that displayed the greatest fold changes in abundance are

labelled with their three or four-letter protein codes (S2 Table in S1 File). Glucose catabolizing proteins that display significant changes in abundance are also

circled (Edd, Pgk, and PckA).

https://doi.org/10.1371/journal.pone.0250911.g006
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Previous analyses of vertical differences of P. aeruginosa biofilms indicated that essentially

all transcripts were higher in the upper portion of the biofilm [6, 14]. The observation of the

opposite trend here is somewhat unexpected, as P. aeruginosa relies largely on respiration for

energy generation and the CSP medium did not contain alternative electron acceptors like

nitrate, constraining respiration in the lower regions of the biofilm. Alternatively, the higher

abundance of proteins in the anoxic region might derive from its proximity to the growth

media [10] which might drive catabolism more than oxygen abundance.

Two to threefold higher abundances of ribosomal proteins (RpsS, RpsK, RpmG, RpsM,

RpsH and RplR) were observed in the anoxic zone, consistent with the widely held hypothesis

of minimal growth in anoxic zones. However, higher abundances of many metabolic proteins

suggested the cells were generating cellular energy and acclimating to stressful chemical envi-

ronments [51]. The anoxic region of the biofilm displayed roughly twofold higher abundances

of glucose catabolizing proteins (Edd, PckA, and Pgk) as compared to the oxic region: these

are also marked on Fig 6. P. aeruginosa catabolizes glucose using the Entner-Doudoroff glycol-

ysis pathway (Edd and Eda) and the data suggest cells in the anoxic regions were catabolizing

the sugar and likely producing byproducts like acetate. Cells in the oxic region of the biofilm

had an almost fourfold higher abundance of the key acetate metabolic protein, AceA, from the

glyoxylate shunt, suggesting either acetate from the anoxic region may be metabolized in the

oxic zone or that there is mixing of cells from the two regions. A higher abundance of AceA

implies that the oxic zone might play a dominant role in the carbon catabolite strategy known

as reverse diauxie which prefers organic acids to glucose and which was observed previously in

P. aeruginosa biofilms [8].

The cells in the anoxic region also displayed a fivefold higher abundances of proteins associ-

ated with adenosine triphosphate (ATP) synthase proteins (AtpD and AtpG). The data suggest

there may be more than substrate level phosphorylation occurring as operating an oxidative

tricarboxylic acid (TCA) cycle and ATP synthase requires external electron acceptors [52, 53].

The soluble transhydrogenase protein (SthA) also displayed a twofold higher abundance in the

anoxic region potentially linking the conversion of anabolic and catabolic electrons. The

exchange of redox active metabolites could enable respiration at a distance using small mole-

cules like phenazines, although proteins associated with these processes were not identified

[54, 55].

Cells in the anoxic portion of the biofilm displayed higher abundances of proteins from

arginine and polyamine metabolism. CSP medium contained arginine and it would be prefer-

entially available to cells on the bottom of the biofilm. Arginine is an important amino acid for

P. aeruginosa acclimation to biofilm conditions and can be used for substrate level energy gen-

eration, pH modulation via deamination (ArcA) and decarboxylase reactions (SpeA) [56, 57].

Arginine also serves as a precursor for synthesis of putrescine and spermidine which stabilize

cellular membranes to stress [56, 57]. Multiple arginine proteins were associated with arginine

succinyltransferase, the arginine decarboxylase/agmatine deiminase pathway, and arginine

biosynthesis including almost eightfold higher abundances of AnsB and ArcA proteins in the

anoxic region; fivefold higher abundances of ArgC, ArgG, ArgJ, and SpuD; fourfold higher

abundances of AruC and GdhB; and twofold higher abundances of ArgS and ArcB. Addition-

ally, threefold higher abundance of cytosolic aminopeptidase protein (PepA) in the anoxic

regions which could be degrading cellular proteins to repurpose the amino acids for new pro-

teins, stress responses like pH mediation, and/or cellular energy synthesis.

A large number of higher abundance proteins in the anoxic region could also support viru-

lence and environmental stress mediation. Some of these proteins include large-conductance

mechanosensitive ion channels (MscL, fivefold higher abundance in the anoxic region) a type

of protein transport system which is sensitive to mechanical perturbations and changes in
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osmotic pressure [58]. Multidrug resistance protein (MexA) displayed twofold higher abun-

dance in the anoxic region consistent with previous transcript analyses of anoxic cultivation

which indicate P. aeruginosa is more tolerant to antibiotics in hypoxic environments [59].

Membrane protein insertase (YidC) is a ubiquitous protein from the general secretory pathway

and aids in the translocation of proteins across the cytoplasmic membrane. It functions

together with other proteins to promote insertion of membrane proteins [60]. It is also respon-

sible for modulating the expression of hypoxic genes and when present can aid in the assembly

of ATP synthases (such as AtpD, AtpG, and AtpA that were identified in this study). YidC also

led to roughly tenfold lower abundances of some ribosomal proteins (RplY and RplV) in the

oxic region of the biofilm [61]. DNA-binding protein (HupB) was eightfold higher abundance

in the anoxic region. HupB are histone-like small proteins—also known as heat unstable (HU)

proteins—that prevent DNA damage caused by oxidative stress and enable adaptation to stress

response [62]. HU proteins can also control the transcription of a gene required for anoxic res-

piration [63]. The chaperone protein ClpB was twofold higher abundance in the anoxic region

and can rescue stress damaged proteins in an ATP consuming process [64]. The energy

requirement to maintain protein function under environmental stress may partially explain

the apparent substantial energy metabolism occurring in the anoxic region of the biofilm.

Finally, the extracellular polymeric substance (EPS) producing protein, AlgC, was threefold

higher abundance in the anoxic zone, possibly driving resource flux toward additional EPS

synthesis [65].

Conclusions

This study demonstrated several important advantages of laser ablation sample transfer for

regio-specific determination of a biofilm proteome. Prior work by some of the authors

required the harvest of entire P. aeruginosa bacterial biofilms of several cm2 area to achieve an

average characterization of phenotype via proteomics [8]. However, that prior work did not

distinguish the changes in the proteome that occurred as oxygen abundance varied with depth

[8]. LAST is shown here to distinguish protein response in the anoxic vs. oxic regions selected

by the flipping of the biofilm to measure a phenotypic difference between the two regions.

LAST also allows regio-specific sampling across the surface of biofilm by the use of an

~260 μm laser irradiation spot diameter.

There are other experimental advantages of the LAST strategy. Ablated material can be con-

centrated via vacuum centrifugation, then stored at -80˚C to prevent deterioration until analy-

sis can be conveniently performed. Sample processing for analysis is carried out off-line by

standard LC-MS/MS-based bottom-up proteomics. Furthermore, the version of the LAST

setup deployed here is on wheels, allowing it to be moved into a bio-safety cabinet when used

with pathogenic bacteria. Furthermore, the setup is remotely operated, avoiding exposure of

personnel to ablated pathogenic aerosols.

Rapid dehydration and flaking of the biofilm can occur when the laser beam directly

impacts a surface in reflection geometry, leading to a disruption of the water-based laser abla-

tion process [66]. This problem was addressed here by inverting the microscope glass slide on

which the sample rests so that the laser radiation penetrated through the glass. Transmission

geometry is also advantageous for heat diffusion [30], minimizing the potential for thermal

degradation of the biofilm. Furthermore, the sticky and mucous-like texture of the biofilm can

minimize the collection of ablated material via reflection geometry, while the transmission

geometry assists collection of ablated material via spallation.

There are considerable advantages to LAST compared to direct MS imaging techniques

such as MALDI [15, 17–19, 67] or DESI [21, 22], despite LAST’s lower lateral resolution. The
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delocalization introduced by the matrix [68] or the solvent spray [69] and the less efficient

desorption of large biomolecules [70] in direct MS imaging methods are eliminated using

LAST. Direct MS imaging techniques have been combined with advanced instrumentation

such as ion mobility and Fourier transform ion cyclotron resonance MS [15, 71, 72] to simulta-

neously achieve high protein coverage and lateral resolution, but such strategies are still not

widely available. By contrast, a general LC-MS/MS workflow combined with LAST provides a

significantly high number of protein identities using relatively low cost and widely accessible

instrumentation, albeit at a relatively low lateral resolution.

Only a small region of the biofilm was needed for LAST compared to previous work that

required several entire biofilms for proteomic analyses [8]. About 430 proteins were identified

here by laser ablation of the surface region of a 24 mm2 area of biofilm. This is comparable to

the ~600 proteins identified from analysis of the cell lysate from three entire biofilms (of sev-

eral cm2 total area, where the entire thickness of the biofilm was required) [8]. Loosening of

the protein identification criteria (i.e., the 10% sequence matching) would have further

increased the number of protein identifications.

There has been long term interest in identifying spatial differences during biofilm develop-

ment including clues that identify chemical heterogeneity therein [9]. The novel results pre-

sented here develop the radial and axial resolved proteome in important biofilm-forming

bacteria, P. aeruginosa, which provides key insight to metabolic activity in the slow growing

anoxic zone that was not apparent from previous transcript studies. An extension of this work

to multi-species biofilms will provide insights to synchronize between the omics data to high-

light the synergy in biofilms that are ubiquitous in the environment.
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imaging at acquisition rates exceeding 100 pixels per second. J Amer Soc Mass Spectrom. 2019; 30

(2):289–98. https://doi.org/10.1007/s13361-018-2078-8 PMID: 30456596

20. Flanigan P, Levis R. Ambient femtosecond laser vaporization and nanosecond laser desorption electro-

spray ionization mass spectrometry. Annu Rev Anal Chem. 2014; 7(1):229–56. https://doi.org/10.1146/

annurev-anchem-071213-020343 PMID: 25014343

21. Wu C, Dill AL, Eberlin LS, Cooks RG, Ifa DR. Mass spectrometry imaging under ambient conditions.

Mass Spectrom Rev. 2013; 32(3):218–43. https://doi.org/10.1002/mas.21360 PMID: 22996621

22. Honarvar E, Venter AR. Comparing the effects of additives on protein analysis between desorption elec-

trospray (DESI) and electrospray ionization (ESI). J Amer Soc Mass Spectrom. 2018; 29(12):2443–55.

https://doi.org/10.1007/s13361-018-2058-z PMID: 30232734

23. Franck J, Quanico J, Wisztorski M, Day R, Salzet M, Fournier I. Quantification-based mass spectrome-

try imaging of proteins by parafilm assisted microdissection. Anal Chem. 2013; 85(17):8127–34. https://

doi.org/10.1021/ac4009397 PMID: 23869483

24. Quanico J, Franck J, Gimeno JP, Sabbagh R, Salzet M, Day R, et al. Parafilm-assisted microdissection:

A sampling method for mass spectrometry-based identification of differentially expressed prostate can-

cer protein biomarkers. Chemical Communications. 2015; 51(22):4564–7. https://doi.org/10.1039/

c4cc08331h PMID: 25490716

25. Quanico J, Franck J, Wisztorski M, Salzet M, Fournier I. Integrated mass spectrometry imaging and

omics workflows on the same tissue section using grid-aided, parafilm-assisted microdissection. Biochi-

mica et Biophysica Acta (BBA)—Gener Subj. 2017; 1861(7):1702–14. https://doi.org/10.1016/j.bbagen.

2017.03.006 PMID: 28300637

26. Simone NL, Bonner RF, Gillespie JW, Emmert-Buck MR, Liotta LA. Laser-capture microdissection:

Opening the microscopic frontier to molecular analysis. Trends Genetics. 1998; 14(7):272–6. https://

doi.org/10.1016/s0168-9525(98)01489-9 PMID: 9676529

27. Legres LG, Janin A, Masselon C, Bertheau P. Beyond laser microdissection technology: Follow the yel-

low brick road for cancer research. Am J Cancer Res. 2014; 4(1):1–28. PMID: 24482735.

28. Mahalingam M. Laser capture microdissection: Insights into methods and applications. In: Murray GI,

editor. Laser capture microdissection: Methods and protocols. New York, NY: Springer New York;

2018. p. 1–17.

29. Quanico J, Franck J, Dauly C, Strupat K, Dupuy J, Day R, et al. Development of liquid microjunction

extraction strategy for improving protein identification from tissue sections. J Proteom. 2013; 79:200–

18. https://doi.org/10.1016/j.jprot.2012.11.025 PMID: 23291530.

30. Park S-G, Murray KK. Infrared laser ablation sample transfer for MALDI imaging. Anal Chem. 2012; 84

(7):3240–5. https://doi.org/10.1021/ac3006704 PMID: 22409237

31. Park S-G, Murray KK. Infrared laser ablation sample transfer for on-line liquid chromatography electro-

spray ionization mass spectrometry. J Mass Spectrom. 2012; 47(10):1322–6. https://doi.org/10.1002/

jms.3096 PMID: 23019163

32. Donnarumma F, Cao F, Murray K. Laser ablation with vacuum capture for MALDI mass spectrometry of

tissue. J Amer Soc Mass Spectrom. 2016; 27(1):108–16. https://doi.org/10.1007/s13361-015-1249-0

PMID: 26374229

33. Donnarumma F, Murray KK. Laser ablation sample transfer for localized lc-ms/ms proteomic analysis

of tissue. J Mass Spectrom. 2016; 51(4):261–8. https://doi.org/10.1002/jms.3744 PMID: 27041656

34. Wang K, Donnarumma F, Baldone MD, Murray KK. Infrared laser ablation and capture of enzymes with

conserved activity. Analyt Chim Acta. 2018; 1027:41–6. https://doi.org/10.1016/j.aca.2018.04.058

PMID: 29866268

35. Hayes JM, Murray KK. Ambient laser ablation sample transfer with nanostructure-assisted laser

desorption ionization mass spectrometry for bacteria analysis. Rapid Comm Mass Spectrom. 2014; 28

(21):2382–4. https://doi.org/10.1002/rcm.7023 PMID: 25279752

36. Vogel A, Venugopalan V. Mechanisms of pulsed laser ablation of biological tissues. Chem Rev. 2003;

103:577–644. https://doi.org/10.1021/cr010379n PMID: 12580643

PLOS ONE Spatially resolved analysis of P. aeruginosa biofilm proteomes by laser ablation sample transfer

PLOS ONE | https://doi.org/10.1371/journal.pone.0250911 July 22, 2021 16 / 18

https://doi.org/10.1007/s11306-016-1047-0
https://doi.org/10.1016/j.ymeth.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/26972785
https://doi.org/10.1038/nmeth.4433
https://doi.org/10.1038/nmeth.4433
http://www.ncbi.nlm.nih.gov/pubmed/28945703
https://doi.org/10.1007/s13361-018-2078-8
http://www.ncbi.nlm.nih.gov/pubmed/30456596
https://doi.org/10.1146/annurev-anchem-071213-020343
https://doi.org/10.1146/annurev-anchem-071213-020343
http://www.ncbi.nlm.nih.gov/pubmed/25014343
https://doi.org/10.1002/mas.21360
http://www.ncbi.nlm.nih.gov/pubmed/22996621
https://doi.org/10.1007/s13361-018-2058-z
http://www.ncbi.nlm.nih.gov/pubmed/30232734
https://doi.org/10.1021/ac4009397
https://doi.org/10.1021/ac4009397
http://www.ncbi.nlm.nih.gov/pubmed/23869483
https://doi.org/10.1039/c4cc08331h
https://doi.org/10.1039/c4cc08331h
http://www.ncbi.nlm.nih.gov/pubmed/25490716
https://doi.org/10.1016/j.bbagen.2017.03.006
https://doi.org/10.1016/j.bbagen.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28300637
https://doi.org/10.1016/s0168-9525%2898%2901489-9
https://doi.org/10.1016/s0168-9525%2898%2901489-9
http://www.ncbi.nlm.nih.gov/pubmed/9676529
http://www.ncbi.nlm.nih.gov/pubmed/24482735
https://doi.org/10.1016/j.jprot.2012.11.025
http://www.ncbi.nlm.nih.gov/pubmed/23291530
https://doi.org/10.1021/ac3006704
http://www.ncbi.nlm.nih.gov/pubmed/22409237
https://doi.org/10.1002/jms.3096
https://doi.org/10.1002/jms.3096
http://www.ncbi.nlm.nih.gov/pubmed/23019163
https://doi.org/10.1007/s13361-015-1249-0
http://www.ncbi.nlm.nih.gov/pubmed/26374229
https://doi.org/10.1002/jms.3744
http://www.ncbi.nlm.nih.gov/pubmed/27041656
https://doi.org/10.1016/j.aca.2018.04.058
http://www.ncbi.nlm.nih.gov/pubmed/29866268
https://doi.org/10.1002/rcm.7023
http://www.ncbi.nlm.nih.gov/pubmed/25279752
https://doi.org/10.1021/cr010379n
http://www.ncbi.nlm.nih.gov/pubmed/12580643
https://doi.org/10.1371/journal.pone.0250911


37. Zhidkov AG, Zhigilei LV, Sasaki A, Tajima T. Short-laser-pulse-driven emission of energetic ions into a

solid target from a surface layer spalled by a laser prepulse. Appl Phys A. 2001; 73(6):741–7. https://

doi.org/10.1007/s003390100887

38. Cui Y, Hanley L. Chims: Open-source instrument control software platform on labview for imaging/

depth profiling mass spectrometers. Rev Sci Instrum. 2015; 86(6):065106. https://doi.org/10.1063/1.

4922913 PMID: 26133872

39. Woods J, Boegli L, Kirker KR, Agostinho AM, Durch AM, deLancey Pulcini E, et al. Development and

application of a polymicrobial, in vitro, wound biofilm model. J Appl Microbiol. 2012; 112(5):998–1006.

https://doi.org/10.1111/j.1365-2672.2012.05264.x PMID: 22353049

40. Shevchenko A, Tomas H, Havli J, Olsen JV, Mann M. In-gel digestion for mass spectrometric character-

ization of proteins and proteomes. Nat Protoc. 2006; 1(6):2856–60. https://doi.org/10.1038/nprot.2006.

468 PMID: 17406544

41. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-

ing the principle of protein-dye binding. Anal Bioanal Chem. 1976; 72:248–54. https://doi.org/10.1006/

abio.1976.9999 PMID: 942051

42. ThermoScientific. Pierce detergent compatible Bradford assay kit 2016. Available from: https://assets.

thermofisher.com/TFS-Assets/LSG/manuals/23246_23246S_deter_compat_bradford_UG.pdf.

43. Anthis NJ, Clore GM. Sequence-specific determination of protein and peptide concentrations by absor-

bance at 205 nm. Protein Sci. 2013; 22(6):851–8. https://doi.org/10.1002/pro.2253 PMID: 23526461

44. Tyanova S, Temu T, Cox J. The MaxQuant computational platform for mass spectrometry-based shot-

gun proteomics. Nat Protoc. 2016; 11(12):2301–19. https://doi.org/10.1038/nprot.2016.136 PMID:

27809316

45. Consortium TU. UniProt: A worldwide hub of protein knowledge. Nucl Acids Res. 2018; 47(D1):D506–

D15. https://doi.org/10.1093/nar/gky1049 PMID: 30395287

46. Winsor GL, Lam DKW, Fleming L, Lo R, Whiteside MD, Yu NY, et al. Pseudomonas genome database:

Improved comparative analysis and population genomics capability for Pseudomonas genomes. Nucl

Acids Res. 2010; 39(suppl_1):D596–D600. https://doi.org/10.1093/nar/gkq869 PMID: 20929876

47. Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, et al. The Perseus computational plat-

form for comprehensive analysis of (prote)omics data. Nat Meth. 2016; 13(9):731–40. https://doi.org/

10.1038/nmeth.3901 PMID: 27348712

48. Anderl JN, Franklin MJ, Stewart PS. Role of antibiotic penetration limitation in Klebsiella pneumoniae

biofilm resistance to ampicillin and ciprofloxacin. Antimicrob Agents Chemother. 2000; 44(7):1818–24.

https://doi.org/10.1128/AAC.44.7.1818-1824.2000 PMID: 10858336

49. Batchelor SE, Cooper M, Chhabra SR, Glover LA, Stewart GSAB, Williams P, et al. Cell density-regu-

lated recovery of starved biofilm populations of ammonia-oxidizing bacteria. Appl Environ Microbiol.

1997; 63:2281–6. https://doi.org/10.1128/aem.63.6.2281-2286.1997 PMID: 9172348

50. Zuroff TR, Bernstein H, Lloyd-Randolfi J, Jimenez-Taracido L, Stewart PS, Carlson RP. Robustness

analysis of culturing perturbations on Escherichia coli colony biofilm beta-lactam and aminoglycoside

antibiotic tolerance BMC Microbiol. 2010; 10:185. https://doi.org/10.1186/1471-2180-10-185 PMID:

20609240

51. Aseev LV, Boni IV. Extraribosomal functions of bacterial ribosomal proteins. Molec Biol. 2011; 45

(5):739. https://doi.org/10.1134/S0026893311050025 PMID: 22393776

52. Eschbach M, Schreiber K, Trunk K, Buer J, Jahn D, Schobert M. Long-term anaerobic survival of the

opportunistic pathogen Pseudomonas aeruginosa via pyruvate fermentation. J Bacter. 2004;

186:4596–604. https://doi.org/10.1128/JB.186.14.4596-4604.2004 PMID: 15231792
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