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ABSTRACT 
 
 

Pseudomonas aeruginosa is commonly implicated in hospital acquired infections where 

its capacity to form biofilms on a variety of surfaces and the enhanced antibiotic resistance that 

results seriously limit treatment choices. Because surface attachment sensitizes P. aeruginosa to 

quorum sensing (QS) and induces virulence through both chemical and mechanical cues, we 

investigate the effect of surface properties through spatially-patterned mucin, combined with sub-

inhibitory concentrations of tobramycin on QS and virulence factors in both mucoid and non-

mucoid P. aeruginosa strains using multi-modal chemical imaging combining confocal Raman 

microscopy (CRM) and matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-

MS). Samples are comprised of surface-adherent static biofilms at a solid-water interface, 

supernatant liquid, and pellicle biofilms at an air-water interface at various time points. Although 

the presence of a sub-inhibitory concentration of tobramycin in the supernatant retards growth and 

development of static biofilms independent of strain and surface mucin patterning, we observe 

clear differences in the behavior of mucoid and non-mucoid strains. Quinolone signals in a non-

mucoid strain are induced earlier and are influenced by mucin surface patterning to a degree not 

exhibited in the mucoid strain tested. Additionally, phenazine virulence factors, such as pyocyanin 

(PYO), are observed in the pellicle biofilms of both mucoid and non-mucoid strains, but are not 

detected in the static biofilms from either strain, highlighting the differences in stress response 

between pellicle and static biofilms.  Differences between mucoid and nonmucoid strains are 

consistent with their strain-specific phenology, in which the mucoid strain develops highly 

protected biofilms. 

KEYWORDS: biofilm, antibiotic resistance, Pseudomonas aeruginosa, mass spectrometry 

imaging, Raman imaging, rhamnolipids 
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The growing problem of antibiotic resistance has been linked to their extensive use, 

which enhances selection for multidrug resistant bacteria.1 The tendency of bacteria to form 

biofilms, a dense assemblage of microbial cells in complex three-dimensional structures, greatly 

enhances their ability to resist antibiotics.2 The extracellular polymetric substances (EPS) 

produced by biofilm-forming bacteria protect bacteria by acting as barrier for antibiotics, toxins, 

and host defense mechanisms. The complex structure of biofilms also provide an ideal 

microenvironment for microbial cells to exchange substances and acquire mutations that promote 

antibiotic resistance.3-4 Biofilm formation is strongly linked with quorum sensing (QS), a 

mechanism by which bacteria regulate gene expression and which enables group behaviors in 

response to community-wide cellular density.5-9 QS involves interconnected pathways that are 

sensitive to environmental cues and physicochemical properties of the host surface and these 

pathways are viewed as a potential drug target in addressing drug resistant bacteria.10-13  

Pseudomonas aeruginosa, a Gram-negative opportunistic pathogen, is one of the most 

commonly found bacteria in hospital acquired infections, and it is capable of forming biofilms on 

a variety of surfaces.14-15 P. aeruginosa possesses four interconnected QS systems: las, rhl, pqs 

and iqs, having characteristic signaling molecules associated with each.16-17 The pqs system 

utilizes 2-alkyl-4-quinolones as QS mediators to control biofilm formation and some virulence 

genes, with over 50 quinolones having been detected in P. aeruginosa.18-19 A hierarchical 

regulatory mechanism controls the four QS circuits in P. aeruginosa, with las inducing the 

expression of both the rhl and pqs systems and pqs positively regulating the rhl system.17 On the 

other hand, rhl functions as a repressor of the pqs system and regulates the synthesis of 

rhamnolipids, which are amphipathic glycolipids with surfactant properties that can affect the 

structure of biofilms and eventually, their dispersal.20-21 In addition, the regulation and actions of 
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QS can be altered by nutritional and environmental factors.22-23 Further, the attachment surface 

and the spatial organization of bacterial cell clusters have also been found to impact biofilm 

development and function.22, 24-26  

Different strains of P. aeruginosa produce one or more of three different polysaccharides 

named Pel, Psl, and alginate that comprise the substantive fraction of EPS in their biofilms. 

Alginate, specifically, is strongly linked to cystic fibrosis (CF) infection, as alginate 

overproduction is commonly observed in P. aeruginosa CF isolates, and these strains exhibit a 

mucoid phenotype caused by this alginate overproduction.27 In this research, we have 

specifically studied two well-characterized P. aeruginosa strains. FRD1 is a CF lung isolate that 

was first identified because it displays a mucoid phenotype,28 and numerous subsequent studies 

have highlighted different genetic and phenotypic aspects of alginate regulation and P. 

aeruginosa behavior for this strain.29-33 PAO1C is wound isolate first described by Holloway 34-35 

that has been used to detail many phenotypic behaviors; this strain does not exhibit a mucoid 

phenotype.36-39 

Also of particular relevance to cystic fibrosis, P. aeruginosa biofilm development is 

known to be influenced by mucin, a lung glycoprotein that is a key component of airway fluid. 

Numerous studies have identified that P. aeruginosa shows a mucin-specific adhesion 

mechanism that greatly enhances biofilm development and resistance to antibiotics.22, 24, 26, 40 

More specifically, previous work from the authors’ laboratories demonstrated that well-defined 

spatial patterning of biopolymers affects the production of signaling molecules and biofilm 

growth in both mucoid and non-mucoid strains of P. aeruginosa.24  

Exposure to the antibiotic tobramycin, even at subinhibitory concentrations, has been 

shown to impair P. aeruginosa biofilm formation and increase susceptibility to other antibiotics. 
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41 However, the spatial growth and molecular profile of P. aeruginosa under the influence of 

antibiotics is poorly characterized, so here we explore the effect of surface mucin patterning on 

the ability of P. aeruginosa to resist antibiotics exposure at sub-inhibitory concentration. We 

evaluate P. aeruginosa biofilm formation on unpatterned and patterned mucin surfaces in the 

presence of tobramycin at sub-inhibitory concentrations to understand how the combination of 

the presence and presentation of surface mucin and drug exposure influence biofilm formation, 

maturation, and dispersal by monitoring key signaling molecules and virulence factors secreted 

by P. aeruginosa, along with its cell density in supernatant medium over time. We combine 

confocal Raman microscopy (CRM) and matrix-assisted laser desorption/ionization-mass 

spectrometry (MALDI-MS) to capture the spatial distribution of secreted pqs signaling 

molecules and rhamnolipids from static biofilms at three distinct locations – (1) at the solid-

liquid interface, (2) in the supernatant above the biofilm, and (3) in pellicle biofilms which are 

formed at the liquid-air interface - to investigate the interaction between rhl and pqs QS circuits 

in P. aeruginosa under antibiotic stress. The abundances of C7 (2-heptyl-3-hydroxy-4(1H)-

quinolone) and C9 (2-nonyl-3-hydroxy-4(1H)-quinolone) alkyl quinolones (AQs), along with 

their respective structural isomers 2-heptyl-4-hydroxyquinolone N-oxide (HQNO) and its C9 side 

chain variant 2-nonyl-4-hydroxyquinolone N-oxide (NQNO), are characterized as a function of 

mucin surface patterning and tobramycin exposure for various biofilm samples. Additionally, 

four congener classes of rhamnolipids (di-rhamno-di-lipid, di-rhamno-mono-lipid, mono-

rhamno-di-lipid, mono-rhamno-mono-lipid) are profiled by MALDI-MS and the overall 

composition and relative rhamnolipid profiles are compared as a function of biofilm conditions, 

highlighting the most relevant rhamnolipids. The impact of mucin patterning on quinolone and 
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rhamnolipid profiles for P. aeruginosa strains under antibiotic stress reveals profound 

differences between strains exhibiting mucoid and non-mucoid phenotypes. 

 

RESULTS AND DISCUSSION 

Detection of Biomolecules by CRM and MALDI FT-ICR MS. Responses of several 

biofilm phenotypes were examined as a function of time to sub-lethal exposure to the antibiotic 

tobramycin. After 1 h incubation in minimal-glucose medium without tobramycin, static 

bacterial biofilms from both FRD1 and PAO1C strains and in the presence of patterned and 

unpatterned mucin were transferred into minimal-glucose medium in the presence of 5 µg mL-1 

tobramycin and incubated for 48, 72, and 96 h, as shown in Figure S1. In order to assess the 

ability of both cells and soluble factors to move from the immersed biofilm samples to the 

supernatant and pellicle biofilms, samples for analysis were collected from the pellicle biofilms, 

 
Figure 1. Schematic diagram illustrating sample preparation for analytical characterization 

and chemical imaging of biofilm samples. Static biofilm samples were acquired from the 

solid-liquid interface, and pellicle biofilm samples from the air-water interface. Static 

biofilms were grown in the presence of both patterned and unpatterned mucin on gold-coated 

Si.  
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bacteria-free supernatant and static biofilms at the air-liquid interface, supernatant liquid, and 

solid-liquid interface, respectively, as shown schematically in Figure 1. Samples acquired from 

the time points mentioned above (48, 72, 96 h) were subjected to multi-modal imaging analysis. 

The OD600 values of bacterial cultures were monitored during the bacterial incubation, as shown 

in Figure S2. Representative CRM Raman images and principal component analysis (PCA) data 

from the three types of P. aeruginosa samples are shown in Figure S3. By comparing features in 

the PCA loading plots in Figure S3 from the bacterial samples with the Raman features from 

chemical standards in Table S1, four classes of biomolecules widely reported in P. aeruginosa 

are identified, namely, 2-nonyl/heptyl-4-hydroxyquinoline N-oxide (N/HQNO), 2-heptyl/nonyl-

3-hydroxy-4-quinolone (C7/C9-PQS), phenazine-1-carboxylic acid (PZCA) and pyocyanin 

(PYO). Visual inspection of the PCA loading plots from bacterial samples and Raman features 

from chemical standards shows distinct patterns for each class of biomolecules that were used to 

elucidate P. aeruginosa QS behaviors.  

Alkyl quinolones produced by two phenotypically distinct strains of P. aeruginosa were 

also probed using MALDI FT-ICR MS in targeted MS/MS imaging mode. 2-heptyl-3-hydroxy-

4-quinolone known as pseudomonas quorum sensing molecule (C7-PQS) associated with group 

behavior and biofilm formation in P. aeruginosa and its homologue, C9-PQS, were differentiated 

from their respective structural isomers HQNO and NQNO using unique product ions at m/z 

159.067 and m/z 175.062.42-43 Extracted ion profiles generated using ±5 ppm window around 

these m/z were used to create the spatial distribution profile of these molecules on the sample 

surface. HQNO and NQNO are two of the many 2-alkyl-4-quinolone N-oxides (AQNOs) classes 

of molecules that are most abundant and have been reported to exert antibiotic effects through 

cytochrome inhibition, and are relevant in bacterial interactions with other species.44 
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As shown in Figure 1, patterned/unpatterned bacterial biofilms were transferred and 

immersed in minimal-glucose medium containing tobramycin (5 µg/mL) and incubated at 37 ºC 

for various periods of time. Compared to the biofilms grown without tobramycin, the growth of 

both strains on patterned/unpatterned mucin surfaces is greatly reduced under tobramycin 

treatment.24 Also, the measured OD600 values in Figure S2 stayed close to zero at t ≤ 24 h 

incubation time for all four conditions, indicating a negligible number of detached bacterial cells 

in the medium. Starting at 48 – 72 h incubation time, the OD600 values for all four media begin to 

deviate from zero, and at 72 h increased optical density was measured under all four 

experimental conditions. Independent of mucin patterning, the FRD1 samples showed very 

similar OD600 values as a function of incubation time, indicating that growth and detachment of 

planktonic cells was largely unaffected by the spatial patterning of the mucin surfaces. In 

contrast, the non-mucoid PAO1C strain exhibited markedly different behavior, with the OD600 

values on patterned mucin indicating faster accumulation of planktonic cells (by a combination 

of growth-and detachment) and pigment secretion in comparison to the FRD1 strain. The 

PAO1C strain exhibited much slower growth on the unpatterned mucin surface up to 84 h, before 

eventually reaching the same optical density as that on patterned mucin at 96 h. Clearly, these 

two strains exhibit marked differences in response to spatial patterning.  

To better understand P. aeruginosa biofilm growth on patterned/unpatterned mucin 

surfaces in the presence of the antibiotic tobramycin, secreted molecular factors obtained from 

static biofilms, the bacteria-free supernatant, and pellicle biofilms were compared using CRM, as 

shown in Figure S3. A typical progression during P. aeruginosa community development in 

static biofilms proceeds by initial appearance of N/HQNO and then PQS. In our previous work, 

mucoid FRD1 static biofilm samples exhibited N/HQNO at 24 h and both N/HQNO and PQS at 
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48 h on both patterned/unpatterned mucin surfaces in the absence of tobramycin treatment.24 

However, in the presence of tobramycin, AQ metabolites were not detected from PAO1C 

samples until 72 h (on patterned surfaces) and until 96 h for FRD1 samples on either patterned or 

unpatterned mucin surfaces, as shown in Table 1. This observation is consistent with the OD600  

measurements indicating that tobramycin substantially slows the growth of static biofilms that 

exhibit a mucoid phenotype. At 96 h (Table 1), static biofilms of the FRD1 samples show only 

PQS on unpatterned mucin, while N/HQNO and PQS are both detected on patterned mucin, 

suggesting that discrete patterning of mucin slows the transition of static biofilms formed by the 

Table 1. Biomolecules detected from mucoid FRD1 samples by CRMa 

 Mucin P-Mucin 

Time Pellicle Supernatant Static Pellicle Supernatant Static 

48 h - Salt Salt - Salt Salt 

72 h - Salt Salt - Salt Salt 

96 h PYO, PQS PYO PQS PYO, PQS Salt HQNO, PQS 

a Entries for an AQ or phenazine indicates that PCA gave a Z-score plot matching the Raman spectrum of that 
component’s standard. C7- and C9-congeners are indistinguishable by CRM, so entries do not distinguish 
between HQNO/NQNO and C7/C9-PQS. 
 

Table 2. Biomolecules detected from non-mucoid PAO1C samples by CRM 

 Mucin P-Mucin 

Time Pellicle Supernatant Static Pellicle Supernatant Static 

48 h - Salt Salt - Salt HQNO 

72 h - Salt Salt - Salt HQNO, PQS 

96 h PYO PZCA PQS PYO PYO PQS 
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mucoid strain to a mature state, relative to the biofilms of the same strain on unpatterned mucin. 

In contrast, static biofilms formed by the non-mucoid strain PAO1C exhibit N/HQNO at 48 h 

and N/HQNO with PQS at 72 h, while maturing to a chemical state exhibiting predominantly 

PQS at 96 h on patterned mucin surfaces in the presence of tobramycin. However, PQS was not 

detected until 96 h on unpatterned mucin, consistent with the slower rise of the OD600 values of 

the supernatant medium in contact with the non-mucoid PAO1C strain on unpatterned mucin. 

Distinctive quinolones profiles detected in the static biofilms formed by mucoid vs. non-

mucoid P. aeruginosa strains. MSI revealed different heterogenous spatial distribution patterns 

for AQ and AQNO molecules in static biofilms produced by these two strains. Changing 

distribution patterns over 48, 72, and 96 h indicated dynamic abundance of all four molecules in 

static biofilm samples (Figure S4). As shown in Figure 2, both alky quinolones and alkyl 

quinolone N-oxides are present in higher 

abundance in PAO1C in comparison to FRD1 samples at 48 h, signifying early induction of alkyl 

quinolone production (and likely PQS quorum sensing) on both unpatterned and patterned 

surfaces, consistent with the CRM results summarized in Tables 1 and 2. However, at 72 and 96 

h, in agreement with the OD600 behavior shown in Figure S2, FRD1 samples show an increasing 

abundance of quinolones, indicating activation of biosynthetic pathways for quinolone synthesis 

after an initial delay.  

Figures 2(A) and 2(B) show relative signal abundance of PQS and C9-PQS, respectively. 

Interestingly, the FRD1 samples show increasing signal abundance of AQs over time, 

independent of the mucin surface, in comparison to the PAO1C strain, where profiles of both 

AQs are influenced by the type of mucin surface, with the patterned surfaces exhibiting an 

intensity maximum at 72 h. PQS abundance is also highest in 96 h FRD1 biofilms in comparison 
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to other static biofilms, whether from mucoid or non-mucoid strains. In contrast, PQS abundance 

in PAO1C biofilms, which increases marginally over time on unpatterned mucin, is elevated on 

the patterned mucin surface. Unpatterned mucin leads to relatively stable C9-PQS spatial 

abundance in non-mucoid PAO1C samples at all time points, Figure 2(B), whereas, patterned 

mucin resulted in the highest signal intensity of C9-PQS at 72 h across all static biofilm samples.  
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Relative signal abundances of N-oxides, HQNO (m/z 260à159) and NQNO (m/z 

288à159) in static biofilm samples are depicted in Figures 2(C) and 2(D), respectively. Both 

molecules show similar trends within each sample category, suggesting that the biosynthesis of  
(A) 

 

(B) 
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(C) 

 
(D) 

 

Figure 2. Relative abundance of AQ and AQ N-oxide molecules in static biofilms of mucoid 

(FRD1) and non-mucoid (PAO1C) P. aeruginosa strains grown on unpatterned mucin (Mucin) 

and patterned mucin (P-Mucin) surfaces. Relative ion abundances for (a) C7-PQS (m/z 260 à 

175), (b) C9-PQS (m/z 288 à 175), (c) HQNO (m/z 260 à 159) and (d) NQNO (m/z 288 à 

159) at 48, 72, and 96 h measured from static biofilm samples using MALD-MS imaging. 
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HQNO and NQNO is correlated and relatively independent of mucin patterning. FRD1 biofilms 

grown on unpatterned mucin show higher levels of both molecules with maximum expression at 

72 h, whereas biofilms grown on patterned mucin show increased abundance of both N-oxide  

congeners through 96 h, consistent with the interpretation above that patterning retards 

development of the mature phase characterized by high PQS abundance. Expression of AQNOs 

in biofilms of the non-mucoid PAO1C strain formed on mucin surfaces are comparable across all 

three time points in each mucin category.  

The two most important findings of these MSI experiments are: (1) the diminished 

signals from FRD1 biofilms, and (2) the transient rise of the N-oxides at intermediate times in 

the non-mucoid PAO1C strain. Both observations are in agreement with the CRM imaging 

results reported in static biofilm column of Tables 1 and 2.  Furthermore, and again consistent 

with CRM results, patterned mucin surfaces accentuate the transient rise of N-oxides. This also 

agrees with previous observations from our laboratories regarding the temporal evolution of non-

mucoid P. aeruginosa  biofilms in the absence of mucin or surface patterning.45  

Quinolone profiles in pellicle biofilms and supernatant. In physical configurations such as 

the one used in this experiment, the static biofilm and pellicle biofilm can communicate chemically 

through the supernatant liquid medium. However, the pellicle biofilms behave in a way that is 

Average intensity values are normalized to the maximum value for each molecule across all 

samples within a biological replicate. The error bars represent standard deviation of three 

biological replicates. Colored dots represent individual biological replicates. Horizontal bars 

indicate time-point samples tested for statistical significance using Student’s t-test (n = 3, 

unpaired, two tailed). P-values derived from these comparisons are highlighted with asterisk (* 

= p < 0.05, ** = p < 0.01, *** = p < 0.001, No label = p > 0.05). 
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distinctly different from the static biofilms. At 96 h, PYO is detected under a range of conditions, 

both in the supernatant and in pellicle biofilms. PYO is identified in the presence of (a) both 

patterned and unpatterned mucin static biofilm surfaces, and (b) for both mucoid FRD1 and non-

mucoid PAO1C strains, as shown in Tables 1 and 2. In addition, while, PYO is observed in the 

supernatant and in  pellicle biofilms, it is never observed in the static biofilms. In addition, the 

supernatant in contact with PAO1C samples, shows the presence of virulence factors PZCA 

(unpatterned) or PYO (patterned), suggesting that these factors are secreted and subsequently 

transported in the supernatant. There are two putative origins for the phenazine virulence factors, 

either the static or pellicle biofilm. However, PYO is observed in the pellicle biofilms of both 

FRD1 and PAO1C strains, and remains undetected in the static biofilms from both strains. This 

strongly suggests that the pellicle biofilm is the origin of the phenazines, which are then transported 

into the contacting supernatant. These observations highlight the clear differences in QS response 

exhibited by pellicle and static biofilms. Furthermore, they are consistent with previous 

observations from our laboratories that PQS is upregulated in the presence of environmental 

stressors.38 

MS imaging also shows the presence of AQs and AQNOs in both pellicle biofilms and 

supernatant samples collected at 96 h from FRD1 and PAO1C biofilm cultures, highlighted by the 

presence of PQS, C9-PQS, HQNO, and NQNO in Figure 3. Pellicle biofilms exhibit more 

abundant AQs and AQNOs in comparison to the supernatant under all four experimental 

conditions, which is understandable given the large difference in volumes of the two environments. 

Maximum signal intensities for AQs were observed in pellicle samples collected from PAO1C 

samples grown on patterned mucin, followed by that from uniform mucin, see Figures 3 and S4. 

Pellicle biofilms also show different PQS profiles than static biofilms where FRD1 samples exhibit 
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higher PQS signals than PAO1C samples. However, similar to the behavior in static biofilms, the 

AQ profile in FRD1 is relatively insensitive to mucin surface characteristics, while patterned 

mucin increases AQ production in PAO1C samples.  

It is also apparent that the AQ signal intensities in supernatant samples are greatly 

diminished relative to pellicle biofilms as evident from the y-axis scales for the supernatant 

samples in Figures 3(A) and 3(B). This likely reflects a combination of limited secretion of these  

(A) 

 
(B) 

 
 
 



 17 

 

(C) 

 
(D) 

 
Figure 3. Relative ion abundances of AQs and AQNOs in pellicle biofilms and supernatant 

samples collected at 96 h from mucoid (FRD1) and non-mucoid (PAO1C) P. aeruginosa 

strains grown on unpatterned (Mucin) and patterned (P-Mucin)  mucin surfaces. Relative ion 

abundances of (a) PQS (m/z 260 à 175), (b) C9-PQS (m/z 288 à 175), (c) HQNO (m/z 260 à 

159) and (d) NQNO (m/z 288 à 159) estimated using MALDI-MS imaging. Average intensity 
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molecules into the supernatant and the dilution effect caused by the larger volume of the 

supernatant. However, the source of the AQ signal is difficult to ascertain, as it could be derived 

from planktonic cells or from the pellicle or static biofilms, individually or collectively. The 

AQNOs, however, tell a different story. HQNO and NQNO MALDI-MS signals are uniformly  

higher in both supernatant and pellicle biofilms from the PAO1C strain, consistent with its 

transient increase at intermediate times (Figure 2) and the CRM data in Table 2.  

Rhamnolipid expression. Separately, high resolution MS imaging data acquired in the m/z 100-

1100 window reveal the presence of various rhamnolipid congeners in these static biofilms. From 

a targeted screening list containing 174 adducts ([M+H]+, [M+Na]+, [M+K]+) of 58 different 

mono- and di-rhamnolipid congeners, 38 adducts (Table S2) are detected within ±5 ppm mass 

accuracy for PAO1C. The percentage of rhamnolipids adducts observed as [M+H]+, [M+Na]+, 

[M+K]+ is 15.8, 47.4 and 36.8, respectively.46 PCA of static biofilm samples (all time points, 3 

biological replicates) reveals the m/z values that contribute most towards principal component 1 

(PC1) and principal component 2 (PC2). Figure 4 shows a plot of PC1 vs. PC2 for 72 h and 96 h 

static biofilm samples for the most intense 23 m/z values. PC1 and PC2 capture 81.5 and 11.5% 

variation from the rhamnolipid data, respectively and account for 93% of the variance in 

values are normalized to the maximum value for each molecule across all samples within a 

biological replicate. The error bars represent standard deviation of three biological replicates. 

Colored dots represent individual biological replicates. Supernatant data are magnified to 

facilitate visual comparison. Horizontal bars indicate group tested for statistical significance 

using Student’s t-test (n = 3, unpaired, two tailed). P-values derived from these comparisons 

are highlighted with asterisk ( * = p < 0.05, No label = p > 0.05). 
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combination. As expected, static biofilms are most differentiated by PC1.  Samples are distinctly 

grouped by strain type and time point in Figure 4.  

PAO1C biofilms are markedly grouped from FRD1 samples. Interestingly, PAO1C biofilms show 

the highly differentiated profiles of rhamnolipids, and show that rhamnolipid expression is altered 

by the type of mucin surface. Specifically, the 96 h non-mucoid biofilm grown on patterned mucin 

exhibits consistently high rhamnolipid signals. FRD1 samples, on the other hand, show 

rhamnolipid signal behavior that varies little with mucin surface patterning or time, reflecting the 

relatively low level of rhamnolipid synthesis in this strain. Rhamnolipids were further analyzed by 

deconvoluting the observed adducts into individual rhamnolipid congeners followed by estimation 

of their cumulative abundance in each category.  

 
Figure 4. Principal component analysis (PCA) of 23 rhamnolipid adduct m/z values as 

exemplified the two largest principal components, PC1 and PC2, in 72 h and 96 h time points 

from static biofilms. The wider distribution of non-mucoid (PAO1C) samples (red, orange) 

indicates higher rhamnolipid production in comparison with the mucoid (FRD1) strain (blue, 

green). The 96 h non-mucoid biofilm grown on P-mucin surface showed the highest relative 

abundance of rhamnolipid. 
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Figure 5 illustrates the combined profile of rhamnolipids in four congener categories: (A) 

mono-rhamno-mono-lipid (B) mono-rhamno-di-lipid (C) di-rhamno-mono-lipid (D) di-rhamno-

di-lipid. Rhamnolipid signals are strongly elevated in the non-mucoid strain, with highest signal  

abundance in 96 h biofilms grown on patterned mucin in each congener category. Rhamnolipid 

profiles from pellicle biofilms and supernatant samples at 96 h are consistent with the 

rhamnolipid profiles in static biofilm samples. Figure 6 shows normalized signal intensities of 

the highly differentiated rhamnolipid adducts from static biofilms by congener category,  

 
Figure 5. Relative abundances of rhamnolipid classes in static biofilm samples. Rhamnolipid 

data is grouped into four congener classes: (A) mono-rhamno-mono-lipid (B) mono-rhamno-

di-lipid (C) di-rhamno-mono-lipid (D) di-rhamno-di-lipid. Top panel: mucoid strain (FRD1), 

bottom panel: non-mucoid strain (PAO1C). 
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when these are measured in pellicle biofilms and supernatant samples. Rhamnolipid expression 

is again consistently higher in PAO1C biofilms and supernatants than the corresponding FRD1 

biofilm samples. Interestingly for the PAO1C, higher amounts of rhamnolipids are observed in 

the supernatant as compared to the pellicle biofilms and these levels are further elevated by 

patterned mucin surfaces. In contrast, higher signal intensities of rhamnolipids were observed in 

mucoid pellicle biofilms from the FRD1 strain in comparison to its supernatant samples.  

 
Figure 6. Comparison of rhamnolipid profiles of the highly differentiated rhamnolipid 

adducts in pellicle biofilm and supernatant samples collected at 96 h.  Average intensities 

from three biological replicates are compared. Error bar represents standard deviation of 

average intensities. Grey and black bars represent pellicle biofilm and supernatant from 

mucoid (FRD1) and non-mucoid (PAO1C) strains, respectively. 
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Implications for P. aeruginosa collective behavior. A number of studies suggest that biofilms 

augment bacterial resilience against antimicrobials and host immune system in comparison to the 

planktonic state.47-49 Understanding the impact of currently used antimicrobials on quorum sensing 

signaling molecules and other bacterial products of quinolone and rhamnolipid class serves the 

broad goal of understanding clinically relevant biofilms.50-51 Bacteria deploy various classes of 

molecules to ensure growth and survival in the presence of host tissue. Quorum sensing is one of 

key contributor in this process that enables formation of biofilms upon sensing a requisite level of 

signaling molecules.9, 12, 18 Because prior studies of biofilms have highlighted the combined impact 

of drug exposure and the physical structure of the local environment on  secretion of molecular 

factors in P. aeruginosa,11, 52 we initiated the current study to characterize the secretion of 

quinolones, phenazines, and rhamnolipids in two strains known to exhibit mucoid and non-mucoid 

phenotypes under controlled exposure to an antibiotic and with surface patterning of mucin.  

Unique distribution patterns indicate differences in onset, localization, and dynamic spatial 

abundance of quinolones over the 48 – 96 h post-deposition period. The results clearly indicate 

that quinolone signals in PAO1C samples are induced earlier and are influenced by mucin surface 

patterning to a degree not exhibited in the FRD1 strain. Additionally, pellicle biofilms derived 

from PAO1C samples in the presence of patterned mucin show the highest level of quinolone 

signals. FRD1 biofilms, on other hand, are relatively uninfluenced by mucin surface patterning. 

Quinolone signals observed in the supernatant are a fraction of that in pellicle biofilm. This 

suggests that the quinolone signal localization is largely controlled by cellular secretion in the 

immediate microenvironments. We also observe a correlation between rhamnolipid content and 

OD600 reading of supernatant samples suggesting that rhamnolipids are important for biofilm 

dispersal.53-54 Rhamnolipids have been associated with open channel formation as well as bacterial 
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cell attachment with the biofilm architecture, thereby influencing cell-to-cell interactions.55 Open 

channels could allow better nutrient exchange and support bacterial growth. Furthermore, 

dissociation of adherent cells into the planktonic state may increase bacterial cell migration leading 

to higher cell densities in culture medium. Both phenomena are consistent with their strain-specific 

phenology, in which the mucoid strain develops highly protected biofilms.  

 

CONCLUSIONS 

The present study highlights how quinolones and rhamnolipid profiles vary among three 

different sectors – static biofilm at the solid-liquid interface, supernatant liquid, and pellicle 

biofilm at the air-water interface, in a complex three-dimensional environment. Multi-modal 

chemical imaging reveals variations in the spatial distribution and relative abundance of secreted 

AQ and AQNO molecules on biofilm surfaces in two phenotypically distinct, i.e., mucoid and non-

mucoid, P. aeruginosa strains developed on unpatterned mucin and patterned mucin surfaces while 

being exposed to tobramycin at sub-inhibitory concentration. The present study reveals four key 

aspects of P. aeruginosa behavior under these conditions. First, the presence of a sub-inhibitory 

concentration of tobramycin in the supernatant clearly retards growth and development of static 

biofilms independent of strain and surface mucin patterning. This is evidenced by the delayed 

onset of PQS production (72 h in the presence of tobramycin) relative to comparable biofilms in 

the absence of tobramycin (7 to 24 h). Next, we observe clear differences in the behavior of FRD1 

and PAO1C strains with the non-mucoid PAO1C strain being much more sensitive to the presence 

of surface patterning. Third, pyocyanin is observed both in the supernatant and the pellicle biofilm, 

but not in the static biofilm, strongly suggesting that they are secreted in the pellicle biofilm as a 
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specific stress response. Finally, under similar conditions, rhamnolipids are expressed at much 

higher levels in PAO1C than in FRD1. 

Irreversible bacterial attachment on the surface is an early step in biofilm formation.21, 56 

Specifically, in the case of CF lung surface, mucin-derived monosaccharides, which are exploited 

by P. aeruginosa to kill other bacteria, are known to influence cell adhesion and increase motility.57 

The present study highlights that mucin patterning is important for PAO1C, for which 

exopolysaccharide production will be dominated by Pel and Psl. However, the FRD1 strain 

isolated from the sputum of a CF patient58, which is known to overproduce alginate, is relatively 

insensitive to the presence and patterning of mucin. The different behaviors expressed by these 

strains in response to the spatial patterning in the presence of the antibiotic tobramycin correlates 

with their intrinsic characteristics. P. aeruginosa variants that mucoid biofilms originate in the 

respiratory tract, where interaction with host mucin is abundant, an observation that is consistent 

with the preference of the mucoid strain for unpatterned mucin surfaces. The PAO1C strain, on 

the other hand, is a wound isolate that is capable of continued environmental sensing and bridging 

of compositional gaps.59 This is consistent with the results that patterned mucin surfaces and gaps 

do not hinder static biofilm growth in the non-mucoid strain, even in the presence of antibiotic.  

Results from this study highlight the effect of spatial patterning on quorum sensing in P. 

aeruginosa biofilms in an environment containing antibiotics. In addition, there are clear context-

dependent differences in clustering behavior, which are likely associated with environmental 

differences that affect biofilm development. Thus, moving forward it will be important to 

understand the structural heterogeneity of biofilm and cluster-cluster interactions. In addition, the 

mechanism of communication between the pellicle and static biofilms deserves further study. In 
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this regard, it will be useful to investigate the impact of relative distance between the patterned 

biofilm clusters and the response of P. aeruginosa to alternative surfaces. 

 

METHODS 

Materials. Silicon wafers (3 inch diam.) were obtained from University Wafer, Inc. Gold 

(99.999% purity pellets) was supplied by Kurt J. Lesker. Photomasks were supplied by Front 

Range Photomask. SU-8 2050 and SU-8 developer were purchased from MicroChem. Curing 

agent and poly(dimethylsiloxane) (PDMS) prepolymer were supplied by Dow Corning. 

Tobramycin (aminoglycoside antibiotic), 11-mercaptoundecanoic acid (MUA), ethyl alcohol 

(200 proof), 2-(N-morpholino)ethanesulfonic acid (MES) hydrate, tris (2-carboxyethyl) 

phosphine hydrochloride (TCEP), pyocyanin (PYO), 2-heptyl-4-hydroxyquinoline N-oxide 

(HQNO), 2-heptyl-3-hydroxy-4-quinolone (C7-PQS), 5-dihydroxybenzoic acid (DHB), and 

mucin from porcine stomach (type III, bound sialic acid 0.5 – 1.5%) were supplied by Sigma-

Aldrich. 2-nonyl-4-hydroxyquinoline N-oxide (NQNO) and 2-nonyl-3-hydroxy-4-quinolone (C9-

PQS) were obtained from Cayman Chemical. Phenazine-1-carboxylic acid (PZCA) was 

purchased from SynQuest Laboratories. Poly(ethylene glycol) (PEG) thiol (MW 550 Da) was 

supplied by Creative PEGWorks. EDC (1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide 

hydrochloride) and NHS (N-hydroxysuccinimide) were supplied by Thermo Fisher Scientific. 

Double-sided copper conducting tape was purchased from 3M. Milli-Q deionized (DI) water (ρ ~ 

18.2 MΩ cm) was prepared by a Milli-Q gradient water purification system and used in all cases. 

All chemicals were used as received.  

Substrate Fabrication. The patterned mucin substrate was fabricated by sequential 

thermal evaporation of gold (50 nm) on silicon, transferring patterned MUA onto the gold 
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surface using PDMS stamp, coating the remaining gold surface with PEG, and immobilizing 

mucin via EDC/NHS cross-linking following the procedures described previously.24 The 

unpatterned mucin substrate was prepared by coating gold surfaces with MUA (1 mM) followed 

by immobilizing mucin via EDC/NHS cross-linking. Wafers were rinsed with DI water and dried 

with N2 gas after each step. 

Biofilm Preparation. P. aeruginosa mucoid strain FRD1 and non-mucoid strain PAO1C 

(ATCC15692) were used in these experiments. The general biofilm preparation strategy is 

outlined in Figure 1. Bacteria from frozen stocks were inoculated on lysogeny broth (LB) agar 

plates and incubated at 37ºC for 18 h. A single colony was transferred, well-dispersed, and 

grown planktonically in minimal medium containing 30 mM filtered sterile glucose as the sole 

carbon source with shaking (240 rpm) at 37ºC for 18 h.24 Planktonic cultures were then diluted to 

OD600 = 0.3 in fresh minimal medium. To prepare static biofilms, 200 µL of diluted culture was 

drop cast onto either patterned or unpatterned mucin-modified silicon wafers, then placed in a 

Petri dish, and 10 min was allowed for bacterial attachment. After gently rinsing, these 

inoculated wafers were fully immersed in fresh minimal-glucose medium (18 mL) in a sterile 

Petri dish and incubated at 37ºC for 1 h to form cell clusters. The wafers were then transferred 

into a new Petri dish containing fresh minimal-glucose medium (18 mL) and tobramycin (5 µg 

mL-1) and incubated at 37ºC for the desired growth time. A suitable sub-lethal drug concentration 

level for experiments was determined by evaluating outcomes of various concentrations of 

tobramycin on P. aeruginosa cultures.(See Supporting Information, SI, for details of the 

determination of the sub-lethal tobramycin concentration). To collect the static biofilm samples, 

sterile tweezers were used to carefully remove the wafers from the Petri dish, and samples were 

air-dried in a fume hood overnight. Pellicle biofilms also formed at the air-water interface of the 
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supernatant over the static biofilms. These pellicles were collected and transferred onto a sterile 

gold-coated silicon wafer and allowed to air-dry overnight in a fume hood. planktonic cell 

cultures were collected from the volume below the pellicle adjacent to areas containing the 

submerged wafers and centrifuged at 15,000 rpm for 3 min, and the resulting supernatant was 

collected and filtered through 0.2 µm sterile syringe filters to remove any remaining cells. 

Finally, the filtered supernatant was drop cast onto a sterile gold-coated silicon wafer and 

allowed to air-dry overnight in a fume hood. At least three biological replicates were prepared 

per sample condition per strain. An Eppendorf BioPhotometer plus was used to measure OD600 

values for all cell culture samples, with minimal medium as a reference sample.  

Raman Imaging. Raman images were collected using a confocal Raman microscope 

(Alpha 300R, WITec) equipped with a 785 nm laser and a 40 × (NA = 0.6) objective. Six to ten 

Raman images were acquired from each bacterial sample with a full Raman spectrum from each 

image pixel (60 × 60 pixels over a 25 × 25 µm region) with an integration time of 100 

ms/spectrum. Raman images were typically calculated over a spectral range of 1330 cm-1 to 1380 

cm-1, centered on the characteristic quinolone ring breathing mode, and filtered to generate 

Raman images. Additional data analysis was performed on the Raman images using the software 

WITec project 2.1. Principal component analysis (PCA) was used to analyze the Raman 

hyperspectral data sets using custom analysis codes written in MATLAB (Mathworks Inc.). PCA 

score images were pre-processed to remove chemically irrelevant features, such as cosmic ray 

spikes, prior to analysis. All the identifications and assignments of specific compounds were 

performed as described previously24, 60 and confirmed with Raman spectra of chemical standards 

and with correlated MS data. 
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MALDI-MS Analysis. Samples were anchored on the MALDI target plate with double-

sided copper tape. The sample surface was uniformly coated with 40 mg/ml 2,5-dihydroxy 

benzoic acid prepared in 50% methanol/water with an HTX M5 sprayer. The nozzle was set at 

40 mm height with lateral movement speed of 10 mm/sec and flow rate at 0.05 µL/min. Nozzle 

temperature and stage temperature were set at 70 °C and 30 °C, respectively, before beginning 

matrix application. Matrix was applied in 4 passes for each sample with intermittent drying for 

10 s between passes. Subsequently, the target plates were scanned using a flatbed document 

scanner at 1200 dpi to facilitate MSI. The scanned images were used to precisely select the target 

sample area for MSI data acquisition on a MALDI solariX XR 7T FTICR mass spectrometer 

(Bruker Corp, Billerica, MA). Regions for MSI were selected in FlexImaging (version 5.0, build 

89, Bruker), and data were acquired with the help of ftmsControl (version 2.3.0, build 59, 

Bruker) in positive ion mode using the “ultra-wide” laser setting (∼100 μm lateral resolution) 

and 1M size (transient data points). The excitation laser was operated at 12% and 17% energy at 

1000 Hz for MS and MS/MS, respectively. Tandem MS (collision energy 30 eV, isolation width 

±1.0 Da) was performed to differentiate PQS (m/z 260.165>175.062) and C9-PQS (m/z 

288.195>175.062) from their structural isomers HQNO (m/z 260.165>159.067) and NQNO (m/z 

288.195>159.067) as described preciously.24, 61 Separately, high resolution full-scan imaging 

data was acquired (m/z 100-1100) to monitor various rhamnolipid congeners. Targeted MS/MS 

data were normalized by maximum average intensity separately for each replicate and sample 

type. Full-scan data were normalized to total ion chromatogram (TIC) and maximum average 

(per replicate, per sample type) intensity before further analysis. Extracted ion profiles generated 

using ±5 ppm extraction window around each m/z were used to visualize spatial distribution of 

these molecules on the sample surfaces. All MSI data analyzed using SCiLS Lab software 
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(version 2021b, build 9.01.12514), MSI reader (v1.02), R (4.1.2) and Microsoft excel.62-63 Error 

bars in plots indicate standard deviation of average intensities from three biological replicates. 

Student’s t-test was performed to estimate the p-values. Principal component analysis plots were 

generated using ClustVis web tool.64 

Supporting Information  

The Supporting Information is available free of charge. Additional experimental details 

and characterization, including selection of tobramycin concentration, optical images of static 

biofilms, OD600 value of supernatant of culture medium, principal component analysis of four 

biomolecules, table listing characteristic features of biomolecules detected by CRM and table 

listing characteristic features of rhamnolipids detected by MALDI-MS. 

 
Data availability.   

MSI data that support the findings of this study are openly available through Illinois databank at 

https://doi.org/10.13012/B2IDB-0382919_V1. 
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Selection of Tobramycin Concentration 

P. aeruginosa is an opportunistic pathogen and can cause serious infections in cystic 

fibrosis (CF) patients and others with burn wounds.1-2 In the lungs of CF patients, the genetic 

disorder leads to purulent viscous mucus secretion and impaired mucociliary clearance that 

promotes bacterial infection, especially by P. aeruginosa.3 Tobramycin, an aminoglycoside 

antibiotic, is one of the most frequently used antibiotics for CF lung infections caused by P. 

aeruginosa.4-5 Tobramycin has shown some success in clearing planktonic P. aeruginosa cells; 

however, during chronic infection, P. aeruginosa grows as biofilms and shows increasing 

antibiotic resistance due to gene mutation.3 Additionally, the viscous mucus environment in CF 

lungs and the complex three-dimensional structure of the biofilm limit the access of tobramycin 

to infection sites and greatly reduce its efficacy.  

In vitro studies show that 4 µg mL-1 tobramycin can reduce the amount of P. aeruginosa 

biofilm by as much as 55%, and tobramycin at ≥ 100 µg mL-1 displays strong bactericidal 

effects.6 To study the effect of spatial patterning of mucin on QS of P. aeruginosa biofilm during 

antibiotic treatment, it is first necessary to identify a concentration of tobramycin that shows a 

significant antibacterial effect but does not kill all the cells. To address this question, mucoid 

(strain FRD1) and nonmucoid (strain PAO1C) P. aeruginosa were grown on silicon in minimal-

glucose medium containing 0, 0.5, 5, 50, and 500 µg mL-1 tobramycin at 37 ºC and sampled at 

24, 48, 72, 96, 120, and 144 h. 

Samples grown in the presence of 0 and 0.5 µg mL-1 tobramycin showed similar turbid 

blue-green color at 24 h incubation time, indicating the presence of planktonic cells and secreted 

pigments in the media. The physical similarity of these two samples indicates that 0.5 µg mL-1 

tobramycin is not sufficient to diminish biofilm growth significantly. Samples grown in the 
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presence of 50 and 500 µg mL-1 tobramycin remained clear, and no color change was observed 

even after 144 h incubation time, indicating that these two concentrations of tobramycin are 

sufficient to eradicate the vast majority of P. aeruginosa cells. In contrast, samples grown in the 

presence of 5 µg mL-1 tobramycin, exhibited a medium that stayed clear with no color change 

until 48 h. However, starting at 72 h, the medium became turbid and developed a blue-green 

color, indicating the presence of planktonic cells and secreted pigments in the medium. The 

observations that 0.5 µg mL-1 did not significantly affect bacterial growth, and concentrations ≥ 

50 µg mL-1 killed all bacterial cells in the system established a concentration window for these 

studies. Thus, 5 µg mL-1 tobramycin was observed to greatly reduce biofilm growth without 

completely eradicating all the P. aeruginosa cells, i.e., sub-inhibitory behavior, making it the 

preferred tobramycin concentration for the experiments probing the effect of patterned mucin 

surfaces on QS of P. aeruginosa biofilms under antibiotic stress conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  S 4 

FIGURES AND TABLES 

 

Figure S1. Representative optical images of P. aeruginosa static biofilm growth under antibiotic 

treatment conditions on patterned and unpatterned mucin surfaces. Column 0 is static bacterial 

biofilm after 1 h incubation in minimal-glucose medium without tobramycin. Columns 1, 2, and 

3 are static bacterial biofilms grown in minimal-glucose medium in the presence of tobramycin 

for 48 h (column 1), 72 h (column 2), and 96 h (column 3). Row A is obtained from static 

biofilms of the mucoid phenotype on an unpatterned mucin surface. Row B is obtained from 

static biofilms of the mucoid phenotype on a patterned mucin surface. Row C is obtained from 

static biofilms of the nonmucoid phenotype on an unpatterned mucin surface. Row D is obtained 

from static biofilms of the nonmucoid phenotype on a patterned mucin surface. (Scale bar = 100 

µm, all images at the same magnification) 

     

 



  S 5 

 

Figure S2. OD600 values of the supernatant from various culture media as a function of time of 

bacterial incubation. "P-Mucin" denotes patterned mucin surfaces, and "Mucin" denotes 

unpatterned surfaces. 
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Figure S3. PCA of representative CRM images of P. aeruginosa biofilms identifying four 

molecular constituents. (Top row) PCA loading plots show the z-score vs. Raman shift for the 

highest ranking principal component. (Middle row) PCA score images show the spatial 

distribution and magnitude of the highest ranking principal component. (Bottom row) Raman 

images showing intensities integrated over 1330-1380 cm-1. PCA loading plot, score image, and 

Raman image in each column were acquired from the same sample. (A) 72 h PAO1C static 

biofilm on P-Mucin; loading plot dominated by N/HQNO. (B) 96 h FRD1 pellicle biofilm on 

gold surface; loading plot dominated by PQS. (C) 96 h PAO1C bacteria-free supernatant; loading 

plot dominated by PZCA. (D) 96 h PAO1C pellicle biofilm; loading plot dominated by PYO. 

(scale bar = 4 µm) 
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Table S1. Raman bands in chemical standards by CRM 

Compounds Raman Standard Band Positions (cm-1) 

H/NQNO Standard 681, 720, 1201, 1358, 1441, 1514 

PQS Standard 620, 711, 1028, 1156, 1224, 1260, 1375, 1461, 1561, 1601 

PZCA Standard 736, 1406, 1468, 1562 

PYO Standard 644, 699, 752, 1032, 1357, 1462, 1494, 1565, 1602, 1613 

 

Table S2. List of rhamnolipids congeners detected by MALDI-MS in positive ion modea  

 Rhamnolipid Adduct m/z 

Rha-C8:2 [M+Na]+ 325.1258 

Rha-C8:2 [M+K]+ 341.0997 

Rha-C10 [M+Na]+ 357.1884 

Rha-C12:2 [M+Na]+ 381.1884+ 

Rha-C12 [M+Na]+ 385.2197 

Rha-C12 [M+K]+ 401.1936 

Rha-C14:2 [M+Na]+ 409.2197 

Rha-Rha-C8 [M+H]+ 453.233 

Rha-C16 [M+Na]+ 471.2565 

Rha-Rha-C10 [M+H]+ 481.2643 

Rha-Rha-C8 [M+K]+ 491.1889 

Rha-C18 [M+Na]+ 499.2878 

Rha-C18 [M+K]+ 515.2617 
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Rha-Rha-C10 [M+K]+ 519.2202 

Rha-C20:1 [M+Na]+ 525.3034 

Rha-C20 [M+Na]+ 527.3191 

Rha-C20 [M+K]+ 543.293 

Rha-C22:1 [M+Na]+ 553.3347 

Rha-C22 [M+Na]+ 555.3504 

Rha-C24:1 [M+H]+ 559.3841 

Rha-C24 [M+H]+ 561.3997 

Rha-C22:1 [M+K]+ 569.3086 

Rha-C22 [M+K]+ 571.3243 

Rha-Rha-C16 [M+H]+ 595.3324 

Rha-Rha-C18 [M+H]+ 623.3637 

Rha-Rha-C18 [M+Na]+ 645.3457 

Rha-Rha-C18 [M+K]+ 661.3196 

Rha-Rha-C20 [M+Na]+ 673.377 

Rha-Rha-C20 [M+K]+ 689.3509 

Rha-Rha-C22:1 [M+Na]+ 699.3926 

Rha-Rha-C22 [M+Na]+ 701.4083 

Rha-Rha-C22:1 [M+K]+ 715.3666 

Rha-Rha-C22 [M+K]+ 717.3822 

Rha-Rha-C24:1 [M+Na]+ 727.4239 

Rha-Rha-C24 [M+Na]+ 729.4396 

Rha-Rha-C24:1 [M+K]+ 743.3979 
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Rha-Rha-C24 [M+K]+ 745.4135 

Decenoyl-Rha-Rha-C20 [M+Na]+ 825.4971 

a All adducts were detected within ±5 ppm mass accuracy.  
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Figure S4. Extracted ion images (with scale for intensity color gradient) of PQS and AQNO 

molecules from P. aeruginosa static biofilms. (A) PQS (m/z 260®175), (B) C9-PQS (m/z 

288®175), (C) HQNO (m/z 260®159), and (D) NQNO (m/z 288®159). Extracted ion images 
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were generated using ± 5 ppm extraction window around the observed m/z value. Rows represent 

sample collection times, and columns represent strain and type of mucin surface. 
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