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Abstract

Pseudomonas aeruginosa is an opportunistic pathogen that causes thousands of deaths every year 

in part due to its ability to form biofilms composed of bacteria embedded in a matrix of self-

secreted extracellular polysaccharides (EPS), e-DNA, and proteins. In chronic wounds, biofilms 

are exposed to the host extracellular matrix, of which collagen is a major component. How 

bacterial EPS interacts with host collagen and whether this interaction affects biofilm 

viscoelasticity is not well understood. Since physical disruption of biofilms is often used in their 

removal, knowledge of collagen’s effects on biofilm viscoelasticity may enable new treatment 

strategies that are better tuned to biofilms growing in host environments. In this work, biofilms are 

grown in the presence of different concentrations of collagen that mimic in-vivo conditions. In 

order to explore collagen’s interaction with EPS, nine strains of P. aeruginosa with different 

patterns of EPS production were used to grow biofilms. Particle tracking microrheology was used 

to characterize the mechanical development of biofilms over two days. Collagen is found to 

decrease biofilm compliance and increase relative elasticity regardless of the EPS present in the 

system. However, this effect is minimized when biofilms overproduce EPS. Collagen appears to 

become a de-facto component of the EPS, through binding to bacteria or physical entanglement.

INTRODUCTION

Pseudomonas aeruginosa is an opportunistic pathogen that is prevalent in nature and often 

found in the form of multicellular aggregates, or biofilms.1, 2 Biofilms are bacteria 

communities embedded in a matrix of proteins and self-secreted extracellular polymeric 

substances (EPS), which determine a biofilm’s morphology, protect it from non-beneficial 

environmental conditions, and makes it viscoelastic. In comparison to genetically-identical 

planktonic (free-swimming) bacteria, bacteria in the biofilm are more virulent and resistant 

to the immune system.3–10

These viscoelastic properties increase bacterial survival by requiring physical disruption to 

remove a biofilm and/or to increase its susceptibility to treatment.4, 5, 11–13 In fact, biofilm 
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viscoelasticity increases morbidity and mortality among patients with infected wounds,14, 15 

lung infections due to cystic fibrosis,8, 9 and chronic infections in the elderly, diabetic, and 

obese.16–22 With the goal of developing new treatment approaches, researchers have 

investigated the mechanisms that control P. aeruginosa biofilms’ viscoelasticity23, 24 and 

methods to alter viscoelasticity.25–27 Due to viscoelasticity’s role in growth, stability, and 

virulence of P. aeruginosa biofilms, it is crucial to have a better understanding of the 

mechanisms that affect it.

However, it is unclear if the chronic wound environment affects the viscoelasticity of P. 
aeruginosa biofilms. Wounded tissue’s extracellular matrix has a high concentration of 

collagen,28 which is itself a viscoelastic material.29 Bacteria adhere to exposed collagen 

before forming a biofilm.30 In-vitro, P. aeruginosa readily adhere in collagenated areas.31 P. 
aeruginosa biofilms grown in semi-solid collagen gels form more reproducible biofilms 

based on measurements of colony forming unit density.32 These results suggest that collagen 

affects biofilm growth, which typically impacts viscoelasticity. Therefore, it is reasonable to 

believe in-vivo biofilms in the collagenated wound environment are different than biofilms 

grown in typical in-vitro studies that are collagen-free, but this has not been directly studied.

This gap in knowledge is significant because understanding how interactions between 

collagen, EPS, and bacteria impact biofilm viscoelasticity may indicate new ways to treat 

biofilms in chronic wounds. In this study, in-situ micro-rheological experiments measure 

how the presence of collagen impact P. aeruginosa biofilm formation. We show that due to 

its non-specific impact on biofilms with matrices dominated by various types of EPS, 

collagen appears to interact directly with bacteria and/or through physical entanglement with 

all EPS components. This results in less compliant and more relatively elastic biofilms in 

early development. We then further study if elevated EPS production affects this interaction, 

finding that increasing EPS production negates some effects of collagen on viscoelasticity. 

These results indicate that the role of collagen on the development of biofilms in-vivo is not 

replicated in many in-vitro experiments testing viscoelasticity.

BACKGROUND

Early studies of P. aeruginosa biofilms viscoelasticity characterized the effects of 

hydrodynamic shear during growth, establishing that the applied hydrodynamic shear 

encoded a yield stress like behavior into the growing biofilms, which acted like viscoelastic 

solids below this stress and viscoelastic fluids above it.12, 13 In general, P. aeruginosa 
biofilms were observed to behave like a power-law fluid.33 Previous studies of the 

mechanics of P. aeruginosa biofilms have found significant variability and/or heterogeneity. 

In bulk rheology, this can be due to sample preparation26, 34 or measurement technique.
12, 25, 35–38 However, microrheological measurements have also shown there is considerable 

2D and 3D spatial heterogeneity,23, 33, 39, 40 caused by local changes to microstructure, 

surface attachment, and/or bacterial density.

EPS plays a crucial role in determining overall viscoelastic response. Biologically, bacteria 

regulate EPS production using the Wsp chemosensory system. When through adhesion force 

sensing realize they are on a solid surface, planktonic P. aeruginosa use this system to 
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eventually increase production of cyclic diguanylate monophosphate (c-di-GMP) that signals 

bacteria to transition to the sessile state. As concentration of c-di-GMP increases, more 

bacteria increase production of EPS to become “biofilm founders.”6, 41–43 Increasing 

expression of c-di-GMP results in thicker, faster-forming biofilms,44 whereas its absence 

prevents biofilm formation.45 How changes in c-di-GMP levels affect viscoelasticity has not 

been characterized.

EPS interaction can be weakened/altered using chemical perturbation to modify P. 
aeruginosa biofilm viscoelasticity during or after formation. Multivalent ions appear to 

increase association within the EPS by increasing cross-linking, and creating stronger 

biofilms.25, 46 Whereas, citric acid appears to breakdown EPS. However, such damage has 

been seen to recuperate slowly.46 EPS component specific enzymes have been shown to 

breakdown P. aeruginosa biofilms that are dominated by that specific EPS component and 

create weaker films.47

These above rheological behaviors are determined specifically by the interplay between EPS 

components and environment. The EPS of P. aeruginosa biofilms, as grown in standard in-
vitro environments, is typically composed of extracellular DNA and up to three different 

polysaccharides: Pel, Psl, and alginate. Psl protects biofilms from drugs by means of 

chemical binding and aids in attachment to solid surfaces.48–50 Pel plays a role in antibiotic 

resistance.51 Alginate provides chemical protection against antibiotics and immune 

response.25, 52–54

The role of these EPS components on the rheological properties of P. aeruginosa biofilms is 

difficult to understand because their redundant functionality makes it difficult to isolate their 

individual effects.55 However, using mutant strains with EPS variations some conclusions 

about individual EPS effect’s viscoelasticity have been observed. Biofilms without Psl 

appear more viscous,23 because Psl increases elasticity present due to crosslinking with 

CdrA.34 Pel is believed to promote cell-cell binding and electrostatically associate with 

eDNA.51, 56 Biofilms without Pel have typically been observed to increase in stiffness.23, 34 

Alginate, through physical entanglement, plays a role in crosslinking;25 in the alginate-

dominate (mucoid bacterial strain) biofilms found in cystic fibrosis patients, this is seen to 

increase yield strain.34, 57

MATERIALS & METHODS

Bacterial strains and growth conditions

Nine P. aeruginosa strains based on the widely-used laboratory strain PAO1 (Table 1) were 

studied. All strains constitutively express green fluorescent protein. Each strain is referred to 

throughout the paper based on the genetic knockout that creates the description as provided 

in Table 1. Frozen bacterial stocks were stored at −20°C. Prior to culturing, 10 mL of freshly 

prepared sterile LB (Luria-Bertani, from LB powder, Fisher Scientific, Catalog# BP1426–2) 

liquid broth was added to a 100 mL Erlenmeyer flask. Using an inoculating loop, a small 

amount of frozen bacterial stock was added to the flask. Afterwards, the capped flask was 

incubated using a rotary shaker (Southwest Mini IncuShaker SH1000) at 200 rpm and 37°C 

for 20 hours. Following incubation, overnight P. aeruginosa cultures were diluted to an 
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optical density of 0.6 at 600 nm (OD600) measured by spectrophotometer (Thermo Scientific 

GENESYS 20). 1mL of this bacterial culture was prepared by centrifugation (10,000XG for 

5 minutes) then washed and resuspended in fresh LB broth. The optical density of 0.6 at 600 

nm (OD600) was reconfirmed by spectrophotometer after resuspension.

Media for biofilm growth

Wound Like Media was prepared by mixing 50%(v/v) Bovine Plasma (Fisher, Cat# 

50-643-121), 45%(v/v) Bolton Broth (Fisher, Cat# OXCM0983B), and 5%(v/v) freeze thaw 

laked horse blood (VWR Cat# 10052–640).22

1.0μm, carboxylate-modified, red fluorescent latex particles (Invitrogen, Catalog Number 

#F88414) were used as probes for microrheology. Use of red fluorescence allows probe 

particles to be easily distinguished from green fluorescent expressing bacteria. These 

particles’ size and surface coatings were chosen to allow them to embed into the biofilm 

matrix as it developed without passing through its pores. Particles come in solution which 

contains surfactant left over from manufacture. To remove and clean particles, they 

underwent several rounds of centrifuging, followed by removal of supernatant, and then 

suspension in clean deionized water. After cleaning, a final particle solution was made with 

a concentration of 2.0×106 particles/mL.

Collagen solution was made with refrigerated Collagen I (Collagen I, Rat, Corning 354236). 

To prepare the solution, 16μL Phenol Red (ACS Cas# 143-74-8), 4μL Phosphate Buffer 

Saline (Fisher Cat# BP3991), and 4μL NaOH (to ensure neutral pH) was added to 140 μL of 

collagen. Deionized water was added to create a volume of 200μL.

To prepare the biofilm growth medium, wound like medium (50μL, 45μL, 40μL) and particle 

solution (1 μL) were combined individually, then this solution was combined with collagen 

(0μL, 5μL, 10μL) to create 0% collagen, 10% collagen, and 20% collagen solutions.

Cultivation of microchannel biofilms

Microfluidic channels (Figure 1) were fabricated using standard soft lithography.58 A high 

resolution transparency mask (CAD/ART Services Inc) was used to fabricate SU-8 (Su-8 

2000, Microchem) molds on silicon wafers. The mask was printed emulsion side down and 

placed directly on the Su-8. The Su-8 was exposed with a UV flood exposure (Dymax, 

2000-EC series) using a 380nm filter. Channels were fabricated by pouring 

polydimethylsiloxane (Sylgard 184, Dow Corning) over the molds, followed by degassing 

and crosslinking in a vacuum chamber overnight. The channels were removed from the mold 

and access ports were punched with a 0.75mm hole punch. The channel bottoms, made by 

spinning polydimethylsiloxane onto a glass slide, were bonded to channels using air plasma 

(Plasma Cleaner, Harrick Plasma), left overnight in an 80°C oven, and stored at 20°C until 

use.

To inoculate the channels, 1μL of diluted bacterial culture was added to 50μL of biofilm 

growth medium; 25μL of this resulting suspension was injected into the channels using a 

syringe. After inoculation, the inlets and outlets were sealed to prevent evaporation. These 

channels were kept inside the incubator at 37°C in static conditions to allow for biofilm 
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growth. The biofilms were examined at 24 hour & 48 hour after the microchannels were 

inoculated.

Passive Particle Tracking Microrheology

Due to the importance of biofilm mechanics, a range of techniques have been applied to 

studying biofilm viscoelasticity. In general, due to the extreme spatiotemporal and 

environmental heterogeneity of biofilms, robust and reproducible characterization can be 

extremely difficult. This difficulty is compounded by differences in experimental 

procedures, growth conditions, and ambient conditions. A lack of standardized protocols and 

analyses can make characterization difficult to compare from one study to the next.59 

Among the available rheometry tools, Particle Tracking Microrheology has become popular 

among scientists due to its efficacy in probing materials’ microscale spatio-temporal 

heterogeneity, low cost, ease, and ability to measure mechanics without affecting biofilm 

microstructure.60

Particle tracking microrheology tracks the motion of embedded particles within a specimen 

to recover rheological data by measuring time-dependent displacements which are then 

analyzed using the Generalized Stokes-Einstein relationship.61 When using passive 

microrheology, the inherent thermal energy (~kBT) of the material drives the probes; the 

mean square displacement (MSD) of the particles reflect strain arising from the thermal 

stress. From the MSD, several rheological parameters are obtained. The slope of the MSD-

time (log-log) curve, α =
d ln r2 t

d ln t , ranges from 0 to 1 and represents the relative 

viscoelasticity of the solution; α=1 represents purely viscous diffusion whereas α=0 is an 

elastic solid of the surrounding material.62 Therefore, α is a measure of relative elasticity 

with lower values indicating more elastic like behavior. Creep Compliance is proportional to 

the time-averaged MSD (on a log scale)

J t = 3πa
2kBT r2 t (1)

where, a = particle radius, kB = Boltzmann Constant, T= Temperature 〈r2(t)〉= ensemble 

time-averaged MSD.

Epifluorescent microscopy was employed to visualize fluorescent particles using a Nikon 

Eclipse TS 100-F (Nikon Instruments, Japan) with 20X objective. Images were captured at 

50 fps using a high speed camera (IL5, Fastec). Particle locations and tracks from image 

sequences were found using the Fiji installation of ImageJ with the plugin TrackMate.63, 64 

This plugin finds particle centroids using a Laplacian of Gaussian filter, which allows 

subpixel localization, and generates 2D tracks from positions utilizing a Simple Linear 

assignment algorithm. Particle tracking data is then imported to the MATLAB routine 

msdanalyzer65 for measurement of the MSD curves of individual particles and creating 

ensemble averages.

Linear fits (for the lowest 10% of lag times on each MSD curve66) were made to log-log 

plots of MSD vs. lag time to find α. Lines with R2>0.70 were considered for analysis. Both 
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10% and 20% collagen solutions without bacteria were characterized and found to have 

α10% =0.76 and α20% =0.66. These values were used along with fluorescence images to 

identify and exclude particles that were not embedded in the biofilm when examining 

biofilms with corresponding collagen concentrations.

For a particular system (bacterial strain and collagen concentration) particle tracking 

occurred at 4 locations within a microchannel where separate biofilms were observed to 

have grown. These locations were found by looking for the fluorescence signature of the 

bacteria. Due to the channel design (Figure 1), it was possible to index locations and gather 

data within the same biofilm at 24 and 48-hours. This process was triplicated in different 

microchannels. This results in 3 biological replicates of 4 technical replicates each for each 

strain/collagen combination. The number of particle tracks for each condition varies, and the 

overall number of traces is reported in Table 2.

Data Analysis

Two strains were used in comparison for statistical analysis. The WT strain was used as a 

baseline strain to compare EPS knockouts and overexpressers. The ΔwspF knockout, which 

upregulates c-di-GMP signaling and hence EPS production, was used as base strain for 

comparison for ΔwspF mutants that also had an EPS knockout. To examine the difference in 

α or compliance between a group of strains and their respective base strain, multiple 

comparisons using a post-hoc Dunn’s correction (Kruskal-Wallis, one-way, non-parametric 

ANOVA)67 were executed using GraphPad Prism 8. The null hypothesis tested was for 

equivalence in the mean ranks of distributions. To compare between any 2 strains, an 

unpaired Mann-Whitney (non-parametric) test was conducted. The null hypothesis tested 

was for equivalence in the mean ranks of distributions. Statistical significance is demarcated 

in figures by * for P≤0.05, ** for P≤0.01, and *** for P≤0.001.

Distribution of values are represented by box-whisker plots. The box represents the middle 

50% of the data, the line in the box represents the median, the black dot represents the mean, 

the upper vertical line represents the upper quartile, and the lower vertical line represents the 

bottom quartile.

RESULTS

Effects of Collagen on Ensemble Viscoelasticity

We scrutinize the role of EPS components alone by first examining the ensemble MSD for 

all modified EPS strains without changes to c-di-GMP expression at both 24 and 48 hours in 

the absence of collagen (Figure 2, top row). In general, removing the expression of any 

single EPS component does not impact the ensemble average value of α significantly at the 

24 hour mark in the absence of collagen.

Looking at the Δpel strain in the absence of collagen, biofilms are nearly identical to the WT 

at 24 and 48 hours with relative elasticity increasing based on α decreasing from 0.57 to 

0.21 for the WT and 0.55 to 0.2 for the Δpel. Biofilms grown by the Δpsl strain in the 

absence of collagen become more relatively elastic from 24 to 48 hours. However, they are 
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more relatively viscous than biofilms grown by the WT strain at 48 hours (α’s 0.21 for the 

WT and 0.47 for the Δpsl), which is consistent with published results.23

We examine the role of alginate using two different strains, ΔpelΔpsl and ΔmucA. Biofilms 

formed by the ΔpelΔpsl strain, which lacks both Pel and Psl, should have EPS composed 

only of alginate, despite the fact that PA01 does not make significant amounts of alginate in-
vitro.68 This strain’s relative elasticity increases over time, similar to WT strain. However, 

the ΔpelΔpsl is always more elastic than the WT with α values 39% and 19% lower than 

WT biofilms at 24 and 48 hours. After the 48 hours, the ΔmucA, which overproduces 

alginate, has changed minimally and is more relatively viscous than the WT. The ΔpelΔpsl 
results are consistent with increased resistance to yield of alginate-dominated (mucoid) 

biofilms,34, 57 whereas the ΔmucA are contrary to those results.

When collagen is added to the wound-like media, the rheological trends are quite different. 

Except for the ΔpelΔpsl strain, biofilms grown for 24 hours in 10% and 20% collagen 

concentrations are more relatively elastic than their counterparts grown in 0% collagen. 

Furthermore, at the 24 hour mark, the effect of collagen concentration above 10% is 

minimal; biofilms grown in the presence of 20% and 10% have similar values of α at 24 

hours for the majority of the strains tested. At 48 hours, the biofilms grown in the presence 

of 10% collagen have become more relatively viscous except for the ΔpelΔpsl and the WT. 

The biofilms grown in the presence of 20% collagen show very minor changes in the 

ensemble α value at 48 hours.

Changes in distribution of α

As mentioned, P. aeruginosa biofilms’ mechanical properties have significant spatial 

heterogeneity.23, 33, 39 To better understand the heterogeneity, we present the distribution of 

α values from individual tracked particles using a box-whisker plot in Figure 3.

For biofilms grown with 0% collagen at 24 hours, we see that mean α are consistent with the 

ensemble average data. However, based on the box sizes in Figure 3, we see a broad 

distribution of α, indicating significant heterogeneity in relative elasticity for all strains 

except ΔpelΔpsl. The alginate-dominated ΔmucA and ΔpelΔpsl biofilms have statistically 

different distributions than WT. Each strain’s distribution changes uniquely from 24 to 48 

hours, indicating that individual EPS components are uniquely affecting the developing 

biofilms’ mechanics. At 48 hours, all strains have statistically different distributions in 

comparison to WT and have become more homogenous based on the 50% box sizes 

decreasing in size. The only outlier is the Δpsl biofilm. The mean α show similar trends to 

the ensemble α except ΔmucA’s mean, which is slightly lower than the ensemble average.

At 24 hours, biofilms grown in the presence of collagen are significantly different from the 

0% collagen system. Both 10% and 20% biofilms exhibit lower values of α and tighter 

distributions than their 0% counterparts (Figure 3). Most of the strains grown in the presence 

of 10% and 20% collagen are statistically similar to the WT biofilm at 24 hours, and those 

strains that are statistically different to the WT are not consistent between the collagen 

concentrations. Unlike the ensemble averages, there is a clear difference between the 10% 
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and 20% collagen systems at 24 hours: a narrowing of the distribution of α with increasing 

collagen.

At the 48 hour mark, most biofilms grown in the presence of 10% collagen are statistically 

different from WT and α values are higher than at 24 hours (Figure 3) but still smaller than 

the 0% collagen at 48 hours. This is consistent with ensemble α values. Additionally, all 

biofilms, except for the ΔpelΔpsl biofilms, exhibit increased heterogeneity as shown by the 

50% box size. At 48 hours, biofilms grown in the presence of 20% collagen show little 

change from 24 hours (Figure 3).

We focus on the effects of collagen concentration for each individual strain in Figure 4. At 

24 hours, the WT, Δpel, and Δpsl strains shows decreasing average α with increasing 

collagen. For these 3 strains, there is a statistically relevant difference in distribution of α 
grown in the presence of 10% collagen and those grown in the presence of 20% collagen at 

24 hours. The Δpel, and Δpsl strains have narrower distributions of α than WT.

At 48 hours, we see similar trends for both the WT and the Δpsl strains – decreasing average 

α, and narrowing distributions with increasing collagen. However, the Δpel biofilms grown 

in the presence of 0% and 10% collagen are statistically identical at 48 hours but statistically 

different from those grown in the presence of 20% collagen.

Examining the role of alginate, we look at the ΔpelΔpsl and ΔmucA. At 24 hours, the 10% 

and 20% ΔmucA biofilms are statistically different from the 0% but not from each other. At 

48 hours, ΔmucA does not show consistent trends with increasing collagen. For the ΔpelΔpsl 
there is no effect of collagen at 24 hours, and a statistical difference between 10% and 20% 

films at 48 hours.

Effects on Compliance

Beyond the role of the EPS on the relative viscoelastic behavior as evaluated by α, we 

examine the creep compliance of the films. The creep compliance varies with time (equation 

(1)), so to find a common evaluation point to study distribution, the value at 0.2 s was 

compared.

At 24 hours and all collagen levels, biofilms grown from any EPS knockout have lower 

compliances than of WT and statistically different distributions. The compliances of 

biofilms grown from EPS knockout strains have median values ranging from 20 to 0.5 Pa−1, 

whereas WT biofilms have compliances with median values range from 80 to 20 Pa−1. This 

result is consistent with published observations for the Δpel strain which found biofilms 

without Pel are stiffer/less compliant than WT,23, 34 and for the alginate strains which are 

seen to increase resistance to yield.34, 57 The addition of collagen creates more 

homogeneous films with lower compliances, but there seems to be minimal effect of 

collagen concentration above 10%

After 48 hours, the biofilms become less compliant with mean values of 0.1 to 1 Pa−1 

depending on the strain. Across all collagen concentrations, more strains are statistically the 

same as WT in comparison to 24 hours. There is no consistency as to which strains are 
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statistically the same. Consistently the ΔpelΔpsl is always the least compliant for all 

conditions tested.

Role of Increased EPS Production on Elasticity

The protein c-di-GMP promotes biofilm growth, increasing EPS production.44, 45 It is 

unclear if this also affects viscoelasticity. We examine c-di-GMP overexpressers ΔwspF 
strains, which should have higher levels of EPS production than non-ΔwspF strains.

From the median α values in Figure 6, biofilms grown by the ΔwspF strain are always more 

relatively elastic than biofilms grown by the WT strain. Furthermore, from the size of the 

50% box in Figure 6, the biofilms formed by the ΔwspF strain are more homogenous than 

WT. Comparing the difference between mean α of the WT vs. Δwspf for each collagen 

concentration, the 0% Δwspf are on average 0.3 lower than WT, the 10% is 0.13, and the 

20% is 0.04. The effects of the ΔwspF mutation are least statistically significant for 20% 

collagen at 24 hours.

At 24 and 48 hours and all collagen concentrations, biofilms grown by the ΔwspF strain 

have compliances approximately one order of magnitude smaller than the compliances of 

biofilms grown by WT (Figure 7). All but the 10% collagen at 48 hours are statistically 

different. Qualitatively the effects of collagen do not seem pronounced.

Effects of Increased EPS Biomass with changes to EPS production

Mutants with both EPS knockouts and c-di-GMP overexpression are compared in Figure 8 

to the baseline c-di-GMP overexpresser. Examining the ensemble data, these strains (Figure 

8) typically have smaller values of α than comparable strains in Figure 2 except for the 

double EPS knockouts. This indicates the biofilms here are more relatively elastic than the 

strains with baseline c-di-GMP expression. The EPS knockout strains exhibit inconsistent 

changes to α when comparing 24 to 48 hour data in Figure 8. Examining the effect of 

collagen, we see less impact and no clear trends in as collagen increases to 10% and 20% 

due to the already low α values for the 0% collagen tests.

From Figure 9, we observe that α distributions for the ΔwspF mutants are narrower and α 
means are lower to comparable EPS strains without c-di-GMP overproduction in Figure 3. 

This is true for all strains except the ΔwspFΔpelΔpsl. Similar to ensemble data, we see no 

clear trend in increasing collagen concentration on results.

Role of c-di-GMP on Compliance

At the 24-hour mark, with no collagen, all the ΔwspF strains are statistically identical. This 

is different from the case for the baseline strains, which typically showed more 

differentiation in compliance at the 24-hour mark. At 48 hours, compliance decreases for all 

films in the absence of collagen and each strain is statistically different than the WT. The 

addition of collagen does not significantly impact compliance mean or distribution for the 

ΔwspF strains at either 24 or 48 hours.
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DISCUSSION

Role of EPS components and production on Biofilm Viscoelasticity

Modifying expression of any single EPS component (Δpel,Δpsl, or ΔmucA) does not impact 

relative elasticity based on median α and its distribution at the 24 hour mark in the absence 

of collagen, but these strains all have lower median compliances in comparison to WT. After 

48 hours, biofilms from these strains became more homogenous based on distributions of α 
and compliance, had statistically different distributions of α in comparison to WT, but 

closely resembled WT in terms of compliance. Based on these results, changing EPS 

composition impacts compliance and relative elasticity differently. Relative elasticity (based 

on α) is impacted in later development and compliance in early development. Furthermore, 

in general decreasing the complexity of EPS composition resulted in greater homogeneity.

Biofilms grown by Δpsl strain were more relatively viscous than biofilms grown by the WT 

strain at 48 hours, whereas biofilms grown from the Δpel strain had similar relative elasticity 

to WT. Both strains made films that were less compliant than WT. These results suggest that 

Psl provides greater relative elasticity and less compliance in comparison to Pel which is 

consistent with published work.23, 34

The role of alginate on biofilm mechanical properties was less clear. The double knockout 

ΔpelΔpsl strain was always substantially more relatively elastic, less compliant, and more 

homogenous than the WT at all times. Given that the ΔpelΔpsl biofilm should be composed 

primarily of alginate in terms of EPS, this result appears to be consistent with alginate 

biofilms having increased resistance to yield.34 However, ΔmucA strain was more relatively 

viscous than WT, which is at odds with published results34, 57 and the ΔpelΔpsl strain.

Increasing EPS production results in more homogenous, more relatively elastic, and less 

compliant biofilms when comparing ΔwspF strains to the baseline strains, indicating 

increasing quantity of EPS in general affects biofilms in similar ways regardless of EPS 

composition. The ΔwspFΔpelΔpsl was an exception to this observation. It is unclear why. 

Finally, EPS production is increased the relative impact of individual EPS components is 

diminished, i.e., most biofilms appear quite similar mechanically when the ΔwspF is present.

Effects of Collagen

Results from ensemble averages in Figure 2 and distributions in Figure 3 and 5 show that in 

the first 24 hours collagen increases the relative elasticity and lowers compliance of young 

biofilms regardless of the EPS components present. Furthermore, there is a narrowing of the 

distribution of α with increasing collagen, indicating biofilms also become more 

homogenous in the presence of more collagen. P. aeruginosa has been shown to be more 

capable of adhering30, 31 and forms more stable biofilms32 on surfaces with collagen. Such 

increased growth rate and/or surface attachment, could accelerate maturation of the biofilms 

which would be consistent with observed mechanical results up to 24 hours. However, there 

is no published evidence that free collagen aids in attachment.

After 48 hours, the biofilms grown in the presence of 10% collagen do not exhibit changes 

in compliance, become more relatively viscous (except for the ΔpelΔpsl), and distributions 
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indicate increased heterogeneity. These changes indicate the biofilm’s microstructure is 

altering. The biofilms grown in the presence of 20% collagen exhibit almost no change in 

the behavior of α and compliance from 24 to 48 hours, indicating a more stable 

microstructure. If behavior were determined by increased attachment due to free collagen, 

we would not expect differences in microstructure to develop for similar EPS strains based 

at different collagen levels over time.

Instead, we hypothesize that the collagen is incorporating into the biofilm and becoming a 

de-facto part of the EPS. To help confirm this, it is useful to compare the c-di-GMP 

overexpressing strains without collagen to the baseline strains with collagen. The c-di-GMP 

overexpressers create more EPS because of the increasing number of “biofilm founders.” 

These films are more relatively elastic and less compliant than comparable baseline films 

due to the increased EPS. The effects are very similar to how baseline strains change in the 

presence of collagen. We conclude that the free collagen affects biofilm viscoelasticity by 

incorporating into the EPS which is equivalent to the increased EPS production of the -di-

GMP overexpressers. However EPS quantity is increased, there is increasing relative 

elasticity and decreasing compliance.

Furthermore, incorporation of collagen gels into biofilms has been previously found to 

increase the consistency of P. aeruginosa biofilms’ properties in literature.32 The 

incorporation of free collagen throughout the biofilm into the EPS should similarly create 

more consistent microstructures in technical/biological replicates, resulting in the observed 

increased homogeneity in material properties.

The above hypothesis appears consistent with literature and interpretations of our data. It is 

not clear how the free collagen incorporates into the biofilm. It may be adsorbing to the 

bacteria, interacting with existing EPS, or physically entangling with existing EPS to 

incorporate into the biofilm. Most of the baseline strains grown in the presence of collagen 

are statistically similar to the WT biofilm at 24 hours. This seems to indicate no interaction 

between a specific EPS component and the collagen. When looking at individual strain 

results in Figure 4, the alginate-dominated strains show little dependence on collagen 

concentration. Both Δpsl and Δpel had statistical differences with increasing collagen 

concentration, indicating possible interaction between Pel and Psl with collagen. However, 

the Δpsl behavior is nearly identical to the WT, indicating Psl is not interacting with the 

collagen. There is therefore possibly some specific chemical or electrostatic interaction 

between collagen and Pel. However, given its broad impact over most strains, it appears 

more likely collagen’s incorporation into the EPS is not due to specific interaction with any 

EPS component.

The interaction between the biofilm and the collagen may be due to collagen adhering to 

bacteria. Given that published work has shown that P. aeruginosa can adhere to collagen,
30–32 and the results here indicate no interaction with specific EPS components, this appears 

to be a likely source of incorporation into the EPS.

Additionally, collagen may incorporate into the biofilm through physical entanglement with 

existing EPS. The increased relative viscosity of the 10% collagen biofilms after 48 hours 
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could be explained by secreted EPS driving out entangled collagen. At higher collagen 

concentrations the microstructure imposed by collagen may be more resistant to re-

structuring.

Implications to In-vivo Biofilms

Given these experimental results, we expect that the collagen in wounds is significantly 

impacting the viscoelasticity of P. aeruginosa biofilms, creating less compliant, more elastic 

films. Therefore, experimental study of P. aeruginosa biofilm viscoelasticity without the 

presence of collagen is not capturing the true nature of in-vivo biofilms in terms of their 

rheological properties. Rather most studies are growing substantially weaker, more viscous 

films than would be found in-vivo. Furthermore, the contribution of bacterial 

exopolysaccharides may appear exaggerated compared to their importance in-vivo. This is 

important in attempting to understand/develop techniques for physical removal and/or 

dispersal. Films grown without collagen will be easier to remove, and do not accurately 

represent in-vivo rheology.

Conclusion

The results of individual EPS components on the viscoelasticity of P. aeruginosa biofilms in 

this work is relatively consistent with previously published results. However, we find that 

EPS seems to affect the compliance at early time stages and the relative elasticity of biofilms 

at later stages. Unsurprisingly, we also find that increased EPS due to increased c-di-GMP 

levels production results in increased relative elasticity and decreased compliance of 

biofilms. Although this was expected, it has not been shown in previous work. Additionally, 

the presence of free collagen enables the formation of less compliant, more elastic, more 

homogenous biofilms over the first 48 hours of biofilm growth. This appears to be 

concentration dependent, with greater levels of collagen providing greater effect. Based on 

results with various EPS knockouts, the effect of the collagen on the biofilm is non-specific 

to EPS components and appears to be some combination of both physical entanglement of 

collagen into the EPS and attachment of collagen to bacteria within the biofilm. In general, 

this results have important implications to the role of collagen on in-vivo biofilm 

viscoelasticity and current experimental techniques.
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Figure 1: 
Microchannel schematic. Cross section of channel is 100×60 μm2. Channel length is 6 mm 

with reference locations 1mm apart.
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Figure 2: 
Ensemble mean squared displacement as a function of lag time for all WT derived strains for 

all times and collagen concentrations. Summary of slope values provided in table.
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Figure 3: 
Distribution of alpha from individual particle tracks. The box represents the middle 50% of 

the data, the line within the box represents the median of the distribution, the black dot 

represents the mean, the upper vertical line represents the upper quartile, and the lower 

vertical line represents the bottom quartile. P≤0.05 demarcated with *, P≤0.01 demarcated 

with **, and P≤0.001 demarcated with ***.
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Figure 4: 
Distribution of α organized by strain as a function of collagen concentration. P≤0.05 

demarcated with *, P≤0.01 demarcated with **, and P≤0.001 demarcated with ***.
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Figure 5: 
Distribution of compliance at t=0.2s. The box represents the middle 50% of the data, the line 

within the box represents the median of the distribution, the black dot represents the mean, 

the upper vertical line represents the upper quartile, and the lower vertical line represents the 

bottom quartile. P≤0.05 demarcated with *, P≤0.01 demarcated with **, and P≤0.001 

demarcated with ***.
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Figure 6: 
Distribution of alpha in a Box-whisker plot comparing c-di-GMP over-expressers to WT 

strain. The box represents the middle 50% of the data, line within the box represents the 

median of the distribution, the black dot represents the mean, the top line represents the 

upper quartile, and the bottom line represents the bottom quartile. P≤0.05 demarcated with 

*, P≤0.01 demarcated with **, and P≤0.001 demarcated with ***.
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Figure 7: 
Distribution of compliance at time t=0.2 in a Box-whisker plot comparing c-di-GMP over-

expressers to WT strains. The box represents the middle 50% of the data, the line within the 

box represents the median of the distribution, the black dot represents the mean, the upper 

vertical line represents the upper quartile, and the lower vertical line represents the bottom 

quartile. P≤0.05 demarcated with *, P≤0.01 demarcated with **, and P≤0.001 demarcated 

with ***.
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Figure 8: 
Ensemble MSD as a function of lag time for all strains with baseline c-di-GMP expression 

strains at all times and collagen concentrations. Summary of slope values provided in table.
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Figure 9. 
Distribution of alpha in a box-whisker plot. The box represents the middle 50% of the data, 

the line within the box represents the median of the distribution, the black dot represents the 

mean, the upper vertical line represents the upper quartile, and the lower vertical line 

represents the bottom quartile. P≤0.05 demarcated with *, P≤0.01 demarcated with **, and 

P≤0.001 demarcated with ***.
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Figure 10: 
Distribution of compliance at t=0.2s in a box-whisker plot. The box represents the middle 

50% of the data, the line within the box represents the median of the distribution, the black 

dot represents the mean, the upper vertical line represents the upper quartile, and the lower 

vertical line represents the bottom quartile. P≤0.05 demarcated with *, P≤0.01 demarcated 

with **, and P≤0.001 demarcated with ***.
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Table 1:

Description of P. aeruginosa strains

Strain Description

WT PA01 Wild type (WT)

Δpel Produces no Pel

Δpsl Produces no Psl

ΔmucA Over-expresses Alginate

ΔpelΔpsl Produces No Pel & Psl

ΔwspF c-di-GMP overexpressed

ΔwspFΔpel c-di-GMP overexpressed Produces no Pel

ΔwspFΔpsl c-di-GMP overexpressed Produces no Psl

ΔwspFΔpelΔpsl c-di-GMP overexpressed Produces no Pel & Psl
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Table 2:

Sample size (N) for each strain tested.

0% Collagen 10% Collagen 20% Collagen

24 h 48 h 24h 48 h 24 h 48 h

WT 301 1233 294 764 226 280

Δpel 235 187 1096 938 667 754

Δpsl 177 439 475 186 794 686

Δpel Δpsl 954 1588 459 552 1034 1326

ΔmucA 396 629 804 1198 515 336

ΔwspF 179 1130 147 440 348 589

ΔwspF Δpel 1105 1882 1003 572 1161 523

ΔwspF Δpel 831 986 304 1064 162 156

ΔwspF Δpel Δpsl 485 543 284 578 255 549
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