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A B S T R A C T   

Current in vitro biofilm modelling of the opportunistic pathogen, Pseudomonas aeruginosa (PA) in people with cystic fibrosis (PwCF) is limited in its 
ability to mimic the complexities of the cystic fibrosis (CF) lung environment. Recent adaptations of the Microbial Identification after Passive 
CLARITY Technique (MiPACT) in CF research have allowed for the direct imaging of PA biofilm spatial organization and structure in expectorated 
sputum. Here, we performed a comparative analysis of in vitro and within patient (ex vivo) measures of PA biofilms using sputa from new onset 
infected children with CF. MiPACT-fluorescent in situ hybridization (FISH) and fluorescent anti-Psl monoclonal antibody (mAb) staining was per-
formed to directly visualize PA and Psl (exopolysaccharide in PA biofilm matrix) in 11 CF sputum specimens. Corresponding PA isolates, recovered 
from the same sputum samples, were grown as biofilms in a glass slide chamber model, then visualized by fluorescent live-cell and anti-Psl mAb 
staining. We observed that PA biovolume, aggregation and Psl antibody binding (normalized per PA biovolume) in CF sputum did not correlate with 
the in vitro model, although a trend towards significance in the biovolume relationship was observed with the addition of sputum supernatant to the 
in vitro model.   

There is a clear disconnect between the results of in vitro testing of antimicrobials against bacterial pathogens and clinical outcomes 
in people with cystic fibrosis (pwCF), in part due to the challenge of replicating the complexities of cystic fibrosis (CF) airways in vitro 
[1,2]. The opportunistic pathogen, Pseudomonas aeruginosa (PA) is among the most studied bacterium in CF pulmonary infection and is 
often used in the design and testing of in vitro biofilm systems. Decades of research have focused on developing models of PA 
biofilm-associated lung infection with systems ranging from simple microtiter and minimum biofilm eradication concentration 
(MBEC) assays to complex flow cell and slide chamber models that generate three dimensional-biofilm structures of PA [3,4]. To mimic 
the conditions of the CF lung environment, adaptations of standardized in vitro models have also emerged, in which PA biofilms are 
cultivated on top of CF epithelial cell lines [5] in various formulations of synthetic [6] and pooled [7,8] CF sputa. Further advance-
ments in biofilm modelling, including the use of bacteria-embedded gels [9–11] and encapsulating beads [12,13], have shown 
comparable imitation of PA biofilm structures to that described within pwCF (i.e., visualized in animal replicas, sputum smears and 
explanted lungs). These non-surface attached biofilms are substantially smaller compared to in vitro biofilm imitations and do not 
exhibit the classical mushroom-like structure [3,14]. 

Although in vitro assays have progressively contributed to the current knowledge of biofilm physiology, antimicrobial resistance, 
and drug development, very few investigations have examined the accuracy of these models, at an individual patient level, compared 
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to direct in-patient observations of PA biofilm architecture and structure. The advent of novel methods for directly visualizing 
communities of bacteria within sputum, using a technique known as Microbial Identification after Passive CLARITY Technique 
(MiPACT), allows for such comparisons [15]. MiPACT is a tissue-clearing procedure, in which the specimen is first fixed in a 
bis-acrylamide gel matrix to maintain structural stability, then incubated in a sodium dodecyl sulfate (SDS) detergent to remove 
lipids—a major source of light diffraction in fluorescent microscopy [16]. Subsequently, fluorescence in situ hybridization (FISH) with 
species-specific rRNA probes can be performed to identify bacteria, as well as immunofluorescence staining to label other structural 
components within the sample [17]. The goal of our study was to utilize MiPACT-FISH and fluorescent monoclonal antibody (mAb) 
staining to determine the degree of correlation between ex vivo measures of PA biofilms in sputum from children with CF at the time of 
initial infection, compared to PA biofilms measured in vitro in a glass slide chamber when the same PA isolates were grown in the 
presence of sputum supernatant. Making direct comparisons between in vitro and ex vivo observations at an individual patient level is 
important given the known genotypic and phenotypic diversity of PA strains among pwCF. 

1. Methods 

This was a secondary analysis of a prospective, observational study of children with CF followed at SickKids Hospital (Toronto, 
Canada) who had a new onset PA infection; defined as a sputum culture positive for PA with at least 3 preceding negative cultures in 
the prior 12 months [7]. 

Expectorated sputum specimens (n = 11) were collected before the patients started antibiotic treatment with inhaled tobramycin. 
One half of each paraformaldehyde fixed sputum was polymerized in a hydrogel mixture, then cleared using MiPACT as previously 
described [7,15,17]. In brief, sputum plugs (approximately 0.2 g) were fixed in 4 % paraformaldehyde (PFA), then added to individual 
wells of a Nunc Lab-Tek eight-chamber cover glass slide (Thermo Fisher Scientific, Mississauga, ON) containing 250 μl of hydrogel 
mixture. The sputum hydrogel mixtures (within the chamber wells) were sealed in a BD GasPak EZ container (VWR, Mississauga, ON) 
with an anaerobic pack, then allowed to polymerize for 3 h at 37 ◦C. Following polymerization, the sputum hydrogels were cleared in 8 
% SDS solution for 3–5 days at 37 ◦C, then stored in 0.01 % (wt/vol) sodium azide solution at 4 ◦C until imaging. 

Fig. 1. Comparative analysis of ex vivo hydrogel model and in vitro chamber well model in LB alone (black circles) and in LB with 5 % sputum 
supernatant (grey squares). Individual circles/squares represent comparison of the mean value attained from 3 biological and 18 technical replicates 
from each bioassay. No significant correlation shown between measures of PA (A) biovolume in LB alone (r = − 0.11, p = 0.75) or in LB with 5 % 
sputum supernatant (r = 0.6, p = 0.051), (B) surface-to-biovolume ratio in LB alone (r = − 0.08, p = 0.82) or in LB with 5 % sputum supernatant (r 
= 0.16, p = 0.63). Surface-to-biovolume ratio is a measure of aggregation with lower values indicating greater number of aggregates [20–23]. 
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Ex vivo visualization of PA and Psl (exopolysaccharide in PA biofilm matrix) in the sputum hydrogels was performed using a 
fluorescent in situ hybridization (FISH) and antigen-antibody binding technique [7]. FISH was first performed on 1 mm diameter gel 
slices using the 16S rRNA, PseaerA probe (GGT AAC CGT CCC CCT TGC) specific to PA [18] and conjugated to Alexa488 (green). Psl 
antibody staining was then performed using the anti-Psl mAb, Psl0096 conjugated to Alexa594 (magenta). A total of 3 biological and 
18 technical replicates of z-stack images were captured per sputum sample via confocal laser scanning microscopy (CLSM) with a 20×
objective lens. Representative z-stack images in extended focus view were captured using a 100× oil objective lens. 

PA was recovered from the remaining portion of sputum, and the isolates were grown in vitro as 48 h biofilms in Lysogeny Broth 
(LB) alone or LB with pooled 5 % sputum supernatant using our glass slide chamber model, previously described [4, 19]. The 5 % 
sputum supernatant was pooled from 10 randomly selected, pediatric sputa (comprised of excreted cellular products but filtered to 
remove host or other bacterial cells) [7]. The formed biofilms were then visualized by CLSM using the anti-Psl mAb, Psl0096 (magenta) 
and SYTO9 live-cell fluorescent (green) stain. A total of 3 biological and 18 technical replicates of z-stack images were captured per 
well with a 20× objective lens. 

All z-stack images were analyzed using Volocity 6.3 to quantify PA biovolume (μm [3]) and anti-Psl mAb binding (total and per 
100,000 μm3 of PA biovolume) [7, 20]. Comstat2 as a plugin for ImageJ was used to quantify surface-to-biovolume ratio (μm2/μm3), 
which is the ratio between surface area and PA volume, with lower values indicating greater PA aggregation [20,21]; also described as 
densely clustered bacterial cells [22,23]. All statistical comparisons were done using the GraphPad Prism software with Spearman 
correlation test; p-value <0.05 considered significant. 

2. Results 

Comparisons of PA biovolume and aggregation (represented by surface-to-biovolume ratio) between the two assays are shown in 
Fig. 1. PA biovolume measured ex vivo in the sputum hydrogels compared to the in vitro, slide chamber model with recovered isolates 
grown in LB, showed no significant correlation (p = 0.75; r = − 0.11). However, when PA was grown in the chamber wells in LB with 5 
% sputum supernatant, the in vitro model showed a trend toward statistical significance with the ex vivo biovolume measures (p =
0.051; r = 0.6) (Fig. 1A). CLSM representative images of two sputum hydrogels (PAE008 and PAE012) and corresponding PA isolates 
are provided in Fig. 2, showing improved biovolume imitation between the bioassays with the addition of 5 % sputum supernatant to 
the in vitro model compared to LB alone. Measures of PA aggregation (surface-to-biovolume ratio) showed no significant correlation ex 

Fig. 2. CLSM representative images of PA visualized in sputum hydrogels (PAE008 and PAE012) and corresponding PA isolates, recovered from the 
same sputum, then grown in a slide chamber well in LB alone and LB with 5 % sputum supernatant. The FISH PseaerA (green) probe and the SYTO9 
(green) fluorescent nucleic acid stain were used to visualize PA in the sputum hydrogels and the chamber wells, respectively. Sputum hydrogel and 
chamber well images were captured with 20× objective. 
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vivo compared to in vitro in LB alone or in LB with 5 % sputum supernatant (Fig. 1B). 
Comparison of Psl antibody binding between the two assays in LB alone is shown in Fig. 3. Although Psl antibody binding was 

significantly correlated with a strong linear relationship (p = 0.01; r = 0.73) between the ex vivo and in vitro models (Fig. 3A), there was 
no significant correlation when it was normalized per 100,000 μm3 of PA biovolume (Fig. 3B). CLSM images of the two representative 
sputum hydrogels and corresponding PA isolates are provided in Fig. 4A, showing a positive relationship, in both assays, between Psl 
antibody binding and the amount of PA biovolume present. Extended focus views of sputum hydrogels, PAE008 and PAE012, show 
large and numerous PA aggregates with high Psl antibody binding (Fig. 4B) and fewer PA aggregates with low biovolume and Psl 
antibody binding (Fig. 4C), respectively. CLSM images of all 11 sputum hydrogels and PA isolates under the varied conditions are 
provided in Fig. S1 and Fig. S2 (in Supplementary Material). 

3. Discussion 

Correlation between in vitro and in-patient model systems of biofilm-related infections is imperative for elucidating mechanisms of 
CF lung disease and ensuring efficacy of new (and existing) antimicrobials. In the present study, we directly visualized PA ex vivo in CF 
sputum measuring biovolume, aggregation and Psl antibody binding, and found little correlation to those of recovered isolates grown, 
in vitro, as biofilms. 

There was no significant correlation between the in vitro and ex vivo models in terms of biovolume and aggregation. With the 
addition of sputum supernatant to the in vitro model, however, there was a trend towards statistical significance in the biovolume 
relationship, suggesting that mimicking CF lung growth conditions in vitro results in a better correlation, albeit moderate (r = 0.6), 
between the models. There are likely isolates that have growth advantages (or disadvantages) in a sputum milieu [9]. The lack of 
statistical significance may also have been influenced by the small sample size. With respect to aggregation (measured by 
surface-to-biovolume ratio), the addition of sputum supernatant generated minimal improvements to the correlation between the 
models. This may be due to the fact that the chamber well model, containing borosilicate cover glass, promotes surface-attached PA 
biofilm growth in the form of uniform layers whereas within CF sputa, PA appears planktonic or as non-surface adherent aggregates [7, 

Fig. 3. Psl antibody binding in the ex vivo sputum hydrogels and in vitro chamber well model. Individual circles represent comparison of the mean 
value attained from 3 biological and 18 technical replicates from each bioassay. (A) A significant correlation observed in Psl antibody binding 
between the hydrogel and chamber well models (r = 0.73, p = 0.01), (B) no significance correlation between the models when normalized per 
100,000 μm3 of biovolume (r = 0.45, p = 0.17). Images captured with 20× objective. 
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24–26]. It is well documented that PA does not attach to epithelia in CF lungs [3,14]; thus, the stark difference in aggregation between 
the surface-attached biofilms and the suspended PA aggregates within sputum is as expected. 

A significant correlation in total Psl antibody binding was determined between the models. Psl polymers visualized in surface- 
attached PA biofilms have shown to resemble non-attached PA aggregates when grown in vitro [27]. In the present study, once 
adjusted for biovolume, the Psl antibody binding correlation was no longer significant, primarily due to greater biovolumes (and thus 
lower Psl antibody binding/100,000 μm3 biovolume) in the glass slide chamber compared to within sputum aggregates (with higher 
Psl antibody binding/biovolume). 

There were several limitations to this study. Only a single morphotype of PA recovered from CF sputum, was used for biofilm 
growth in the chamber wells. This approach does not truly reflect the intra-clonal genotypic and phenotypic diversity of biofilms 
visualized in CF sputum [28,29]. Additionally, PwCF may have a higher bacterial load either due to greater inoculum at the time of 
acquisition, more rapid bacterial growth in specific CF lung environments, or longer duration of growth prior to time of detection. 
None of these factors could be accounted for in our in vitro model but are important given the known inoculum effect. 

In conclusion, in our secondary analysis of new onset PA infection in children with CF, we highlight the challenges of replicating 
aspects of in-patient PA biofilm communities in vitro. Given the weak correlation between model systems, translating in-patient ob-
servations to in vitro assays rather than vice versa, may lead to more clinically relevant research. The MiPACT methodology allows for 
the direct visualization of bacteria and host cells ex vivo and quantification of a wide variety of biogeographical parameters over large 
spatial scales. The resultant data can provide a foundation for infection-relevant in vitro model system design and can ultimately further 
our understanding of CF airway infections and response to antimicrobial treatment. 

Fig. 4. CLSM representative images of PA and Psl visualized in (A) sputum hydrogels (PAE008 and PAE012) and corresponding PA isolates, 
recovered from the same sputum, then grown in a slide chamber well in LB alone. Images captured with 20× objective. Extended focus view of 
sputum hydrogels: (B) PAE008 showing large PA aggregates with high PA biovolume and high Psl antibody binding and (C) PAE012 showing fewer 
PA aggregates with low biovolume and low Psl antibody binding. Images captured with 100× oil objective. The FISH PseaerA (green) probe and the 
SYTO9 (green) fluorescent nucleic acid stain were used to visualize PA in the sputum hydrogels and chamber wells, respectively. The fluorescently 
labelled anti-Psl mAb, Psl0096 (magenta) was used to visualize Psl in both bioassays. White indicating areas of PA-Psl colocalization. 
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