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Current research strategies in the treatment of biofilm infections have focused on
dispersal, in which bacteria are made to vacate the extracellular polymeric
substance (EPS) surrounding them and return to a planktonic state where
antimicrobial treatments are more effective. Glycoside hydrolases (GHs), which
cleave bonds in EPS polysaccharides, have been shown to promote dispersal in
Pseudomonas aeruginosa biofilms. The dispersal mechanism is possibly due to
GHs’ ability to directly release bacteria from the EPS, disrupt EPS’ ability to regulate
the environment, or reduce overall mechanical stability. In this work, passive
microrheology is used to examine the relevance of the last mechanism by
exploring the effects of three GHs (α-amylase, cellulase, and xylanase) known
to disperse P. aeruginosa on local biofilm viscoelasticity. Compared to control
studies in wild-type strains, it is found that treatment with all three GHs results in
statistically relatively less elastic and stiffer biofilms, indicating that changes to
mechanical stability may be a factor in effective dispersal. Both cellulase and
xylanase were observed to have the greatest impact in creating a less stiff and
elastic biofilm; these GHs have been observed to be effective at dispersal in the
published results. Each GH was further tested on biofilms grown with strains that
produced EPS missing specific polysaccharide components. Cellulase specifically
targeted Psl, which forms the major structural and mechanical backbone of the
EPS, explaining its efficacy in dispersal. However, xylanase did not appear to exhibit
any affinity to any polysaccharide within the EPS based on the microrheology
results. Overall, these results suggest that the localmicrorheology of the biofilms is
impacted by GHs and that may be one of the factors that is causing the ability of
these therapeutics to enhance dispersal.
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Introduction

A biofilm is a hydrated mass of the self-secreted extracellular polymeric substance (EPS)
encasing bacteria. The biofilm provides a favorable environment for the bacteria, enabling
resistance to chemical/mechanical stresses and increasing survivability in a range of
conditions [1–6]. Biofilms formed in medical settings have been found to strengthen
virulence factors and increase negative patient outcomes of the associated bacteria. For
instance, Pseudomonas aeruginosa biofilms enable the bacteria to evade host immune system
response and antimicrobial agents [7,8], causing infections of millions of patients a year with
a significant negative clinical impact [9–11].

Because of this, substantial efforts have been made to research strategies to treat and
remove P. aeruginosa biofilms from wounds and clinical implants. Antimicrobial
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therapeutics alone are not enough to remove biofilms because
bacteria can recolonize the biofilm causing reinfection. Current
therapeutic approaches use a combination of physical removal
via debridement/irrigation, followed by local treatment with high
doses of antimicrobial therapeutics, which is aided by deeper access
to the bacteria provided by the physical attack [12–18].

New treatment strategies have focused on causing biofilm
dispersal. Dispersion is the process by which sessile bacteria in
the biofilm become planktonic, escaping the biofilm and colonizing
a new biofilm. In the planktonic state, the bacteria are more
vulnerable to treatment, therefore making dispersal an attractive
means of enhancing efficacy of antimicrobial therapeutics.
Dispersal-based treatments cause active dispersion, in which
bacteria respond to external stimuli, which can include molecules
that target EPS, chemical triggers, quorum sensing, or other
mechanisms [19–21]. Targeting the polysaccharides in the EPS
that form the primary matrix of the biofilm has been identified
particularly as an attractive means of causing dispersal due to their
myriad roles in maintaining the environment of the biofilm, which,
if interrupted, could cause active dispersal [22,23].

To attack polysaccharides, glycoside hydrolases (GHs) have
been utilized, which hydrolyze specific glycosidic linkages within
polysaccharides, cleaving polysaccharides into distinct units. Several
GHs have been shown to effectively disperse P. aeruginosa biofilms
of the PAO1 strain by “weakening” the EPS matrix [24–27]. For
instance, both α-amylase and cellulase have been shown to
significantly reduce biofilm mass and increase bacteria dispersal
of established polymicrobial biofilms of P. aeruginosa and
Staphylococcus aureus in vitro, which was attributed to their
degradation of the mature biofilm [24]. Later on, it was shown
that similar effects were observed in vivo in mouse models, but this
also led to some significant migration of the bacteria with possible
lethal/negative outcomes [25]. Efficacy of GHs has been observed to
depend significantly on the model studied, with the in vitro results
failing to correspond to the in vivo results due to lack of strong
adhesion of P. aeruginosa to polystyrene well plates in in vitro
studies, which indicated the importance of EPS mechanical
properties, in this case adhesion, in dispersal efficacy.
Furthermore, efficacy was highly dependent on the EPS present,
which can be altered by phenotypic expression due to environment
changes [26]. In characterizing the efficacy of such GHs on mono-
species biofilms of P. aeruginosa, it was found that α-amylase (source
Aspergillus oryzae), xylanase (source A. oryzae), and cellulase
(source Aspergillus niger) were all effective dispersal agents, with
the xylanase and α-amylases being effective in vitro and α-amylases
and cellulase being effective in a mouse wound model when used in
conjunction with one another [27].

One question of interest is what does “weakening” of the matrix
mean: changes to viscoelasticity, reduction of surface attachment,
reduced cell–cell adhesion, or changes to properties such as porosity.
There is clear evidence of change to surface adhesion being one such
property based on the aforementioned results [26]. However,
polysaccharide EPS components are known to affect all of these
properties, and manipulating any of them could be considered
“weakening” the matrix of the biofilm.

P. aeruginosa EPS includes three polysaccharides. Alginate is
composed of nonrepetitive monomers of β-1,4-linked L-guluronic
and D-mannuronic acids [28–30]. Mechanically, it aids in physical

entanglement [31] and appears to increase yield strains in bulk
measurements [32–34] but has a less clear impact on microrheology
measurements [35]. Psl is composed of a repeating pentasaccharide
containing D-mannose, D-glucose, and L-rhamnose [28–30]. It is
known to aid surface attachment and provides the primary
mechanical/structural integrity of the biofilm [36–39]. In bulk
and microrheology measurements, Psl increases biofilm elasticity
and stiffness [34,35,40]. Finally, Pel is composed of a dimeric repeat
of α-1,4-linked galactosamine and N-acetylgalactosamine[41]. It
contributes to surface attachment and is considered to be
important to pellicle formation [42–44]. In both bulk and
microrheology measurements, Pel is observed to increase viscous-
like behavior and typically reduce stiffness [32,35,40].

The weakening is likely a combination of various changes to the
mechanical properties of the EPS that help induce dispersion, and
there is some indication already of the importance of surface
attachment. However, the impact on biofilm viscoelasticity as a
potential mechanism is important to consider because the reduction
of viscoelasticity would also indicate that the GHs have potential for
not only increasing dispersal but also aiding debridement, which is
still required to avoid recolonization.

There are a few previous studies to examine the effects of GHs on
P. aeruginosa biofilm viscoelasticity. Studying the bulk rheology of
alginate-dominant mucoid P. aeruginosa biofilms, Kovach et al.[45]
found that alginate targeting alginate-lyase impacted viscoelasticity.
However, α-amylase and cellulase, which do not specifically
target alginate alone, did not have any significant impact on
mechanical properties. Microrheology studies on other species of
bacteria have found that GHs can impact biofilm stiffness after local
treatment [46,47].

In this study, the effect of GHs known to be effective dispersal
agents of P. aeruginosa biofilms is studied on PAO1 strain biofilms
using microrheology with the aim of understanding whether GH’s
potential reduction in local viscoelasticity on a baseline strain may
be representative of generally observed dispersal efficacy.

Materials and methods

Microchannel fabrication

Microfluidic channels (Figure 1) were fabricated using soft
lithography methods [48]. A high-resolution transparency mask
(CAD/Art Services, Inc.) was placed with emulsion side down
directly onto a 0.2-mm thick-layer of SU-8 (SU-8 2000,
Microchem) spun (Laurell Spincoater) onto silicon wafers. SU-8
molds were patterned by exposure to UV light with a 380 nm filter
(2000-EC series, Dymax). Polydimethylsiloxane, PDMS, (Sylgard

FIGURE 1
Microchannel schematic. Cross section of the channel is 1 ×
6 mm2. Circular geometry on the sides has 1 mm radius each.
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184, Dow Corning) was poured over the molds, followed by
degassing and crosslinking. Channels were made by removing
PDMS from the mold and punching 1-mm access ports. Channel
bottoms, where PDMS was spun onto a glass slide, were bonded to
channels using air plasma (Plasma Cleaner, Harrick Plasma) and
then left overnight in an oven at 80°C and stored at 20°C until
further use.

Bacteria growth medium preparation

Luria–Bertani (LB powder, Fisher Scientific, Catalog# BP1426-
2) liquid broth solution was prepared by magnet-stirring LB powder
in distilled water (5 g of powder in 200 mL water). This fresh LB
broth solution was then autoclaved for sterilization.

Probe particle preparation

Probe particles used in the study were negatively charged, red-
fluorescent (580 nm/605 nm), carboxylate-modified polystyrene
microspheres (1 μm Invitrogen by Thermo Fisher Scientific, Cat#
13083). The 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 a solution which contains
surfactant left over from manufacture. To remove and clean
particles, they underwent several rounds of centrifuging
(10 cycles at 6,000 rpm for 10 min), followed by removal of
supernatant, and then suspension in clean deionized water. After
cleaning, an intermediate particle solution was prepared having a
concentration of 2 × 108 particles/mL in an Eppendorf tube.

In a separate 20-mL vial, 1 mL of glycerol was vortex-mixed with
9 mL of freshly prepared LB broth to prepare a glycerol/LB solution.
The small amount of added glycerol in the solution makes particles
suspended in the solution for longer time, thereby helping particles
to incorporate into the biofilm matrix as it forms. Then, 50 μL of
particle solution was vortex-mixed with 950 μL of this glycerol/LB
solution to prepare a solution with a concentration of 107

particles/mL.

Bacterial strains and growth conditions

Four P. aeruginosa strains based on the widely used laboratory
strain PAO1 were used in this work: wild-type (WT), strain lacking
the EPS component Pel (Δpel), strain lacking the EPS component Psl
(Δpsl), and a strain lacking the EPS component alginate (Δalg).

Frozen bacterial stocks were stored at −20°C. Prior to culturing,
10 mL of freshly prepared sterile LB 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. Afterward, the capped
flask was incubated using a rotary shaker (Southwest Mini
IncuShaker SH1000) at 200 rpm and 37°C for 24 h. Then, 100 μL
of this 24-h culture was diluted with 9,900 μL fresh LB broth to
prepare 2.5-h subculture under similar incubation conditions (37°C
and 200 rpm). Optical density ( at 600 nm) of this subculture was

measured using a spectrophotometer (Thermo Scientific GENESYS
20) to quantify the colony forming units (CFU) of bacterial cells
present in the subculture; an optical density of 0.4 at 600 nm
corresponds to 108 CFU/mL of bacterial cells. Based on this
measured value of optical density, the subculture was then
diluted again in LB to obtain a final culture solution with 5 ×
105 CFU/mL of bacterial cells.

The final culture solution was then inoculated onto the
microchannels using pipette tips. After inoculation, the inlets and
outlets were sealed to prevent evaporation. These channels were kept
inside the incubator at 37°C under static conditions to allow for
biofilm growth.

The final particle solution was syringe-pumped (at 30 μL/hr for
10 min) onto the microchannels after approximately 5 h of
inoculation. The first few hours of biofilm formation involve
bacterial cells settling to the bottom, attaching to the surface, and
beginning the formation of biofilm. Injecting the particle solution
after 5 h ensures that particles incorporate into the biofilm matrix
and reduces particle accumulation on the microchannel bottom
surfaces.

After 48 h of inoculation, the biofilms were characterized via
microrheology.

Treatment with glycoside hydrolases

Bacterial α-amylase (source Bacillus subtilis, 02100447; MP
Biomedicals, LLC), fungal cellulase (source A. niger, 02150583;
MP Biomedicals, LLC), and xylanase (source A. oryzae; Cat#
X2753, Lot# SLBC5352V, Sigma-Aldrich) were utilized in
experiments to treat the biofilms. First, 10% (w/v) of α-amylase/
cellulase was prepared by vortex-mixing 0.1 gm of the lyophilized
powder in 1 mL of 1x phosphate-buffered saline (PBS). Then,
500 units/mL xylanase was prepared by vortex-mixing 0.178 gm
of the lyophilized powder in 1 mL of 1x PBS. These doses were
chosen to be consistent with previously published results that saw
them as effective for dispersal of biofilms [26,27].

To treat the biofilms after they were allowed to mature for 48 h, a
small injection of GH solutions or a PBS control was added to the
microchannels. Before treatments to the biofilms, all enzymes were
activated by keeping at 37°C for 30 min. Approximately 7.5 μL of
treatment solution was added to the microchannels at a flow rate of
30 μL/hr. A lower flow rate of 20 μL/hr was used when injecting GHs
to relatively thinner and diffused PAO1 Δpsl biofilms. The
microchannels after GH treatments were incubated again at 37°C
for 2.5 h. Microrheology data are taken twice for every sample: once
after 48 h before any treatment and then again 2.5 h after incubation
with the treatment.

Passive particle-tracking microrheology

Particle-tracking microrheology allows probing of biofilm
viscoelasticity at the microscale of the biofilm microenvironments
without affecting their microstructure[49]. This technique tracks the
Brownian motion of particles embedded in a specimen. Each
individual particle’s displacement reflects the material strain
arising from the stress caused by the particle. By looking at the
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mean square displacement, 〈r2(t)〉, of the particles as a function of
lag time, t, several relevant rheological properties can be obtained.
We focus on the slope of the MSD vs. lag time curve, α, where

α � d(ln〈r2 t( )〉
d ln t( )( ) , (1)

which 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 [50]. Therefore, α is a
measure of relative elasticity, with lower values indicating more
elastic-like behavior. Additionally, we examine creep compliance, J,
which is expressed as follows:

J t( ) � 3πa
2kBT

〈r2 t( )〉, (2)

where a = particle radius, kB = Boltzmann constant, and T =
temperature. This is a measure of inverse stiffness, with larger
values meaning less stiff materials. It should be noted that we
can calculate these values for individual particles and take MSD
for an individual particle’s lag times or take the ensemble average
MSD across many particles.

Epifluorescent microscopy was employed to visualize
fluorescent particles using a Nikon Eclipse Ti-E microscope
(×50 magnification). A SPECTRA X Light Engine was used to
illuminate fluorescent particles. Particle tracks were captured
using a Pco.edge 4.2 LT sCMOS camera at 40 frames per second
for 25 s, allowing 1000 frames for each instance of imaging. Particle
locations and tracks from image sequences were found using the Fiji
installation of ImageJ with the plugin TrackMate [51,52]. 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 were then imported to the MATLAB
routine msdanalyzer [53] for the measurement of the MSD
curves of individual particles and creating ensemble averages.
Linear fits were made to log–log plots of MSD vs. lag time to
find α to only lowest 4% of lag times on each MSD curve to the
higher statistical significance of these data [54].

There are several ways to track particles; however, in this work,
video microscopy is used. Two types of errors can occur when
particle positions are tracked this way: static and dynamic. Static
errors are inherent errors in measuring particle position due to
factors such as fluctuations in light intensity, vibrations, and camera
resolution limitations. Dynamic errors occur due to particle
movement during exposure resulting in position inaccuracy
[55–57]. Estimation of a dynamic error is difficult especially for
heterogeneous mediums like biofilms, but the best practice to
minimize the dynamic error is to choose low exposure times
[57,58]. In our experiments, exposure time of ~10% of the frame
rate was used. To estimate the static error, a probe particle is
typically fixed in a strong gel, and the MSD is measured [56].
Using the experimental setup described in the following paragraph,
probe particles were fixed in a PDMS gel that was crosslinked
overnight. An MSD floor for measurements from these particles
was found to be ~0.003 μm2.

For a particular system, particle tracking occurred at two
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 before and after treatments. Biofilms were
grown in four different microchannels; this results in four biological
replicates and two technical replicates for each experiment. The
number of particle tracks for each condition varies, and the overall
number of traces is reported in Table 1.

Data analysis

Distributions of α and J(t) values are represented by
box–whisker plots generated using GraphPad Prism. 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.

An unpaired Mann–Whitney (non-parametric) test, also
supported in GraphPad Prism, was conducted to observe the
statistical differences in the rheological parameters due to control
or GH treatments. The null hypothesis was tested for equivalence in
the median ranks of distributions. Statistical significance is
demarcated in figures by * for p ≤ 0.05, ** for p ≤ 0.01, *** for
p ≤ 0.001, and **** for p ≤ 0.0001.

Results

Raw data

Figure 2 presents typical experimental results from one location
in a microfluidic channel. The data are shown for lag times up to 1 s,
although tracking data were taken for 25 s. At early lag times, data of
each individual particle are linear due to the higher statistical
significance. Some data show more non-linearity/curvature at
longer lag times, which is to be expected from the longer lag
time data having relatively fewer data points to calculate the
MSD despite tracking continued up to 25 total seconds.

Effects of GHs on wild-type viscoelasticity

Microrheology results of PAO1WT biofilms are analyzed first to
observe the effects of GHs in the presence of all three basic
polysaccharides and to evaluate whether the GHs cause dispersal
effect viscoelasticity as well for the baseline, widely studied
PAO1 strain. This strain is a well-known producer of Pel and Psl
and, although not a mucoid strain, also produces alginate in its EPS
[26,27,45] and is often used as a baseline for comparison in many
studies.

We first examine the results of the PBS control-treated biofilm.
Figure 3 shows that the WT biofilm becomes statistically relatively
more elastic and stiffer 2.5 h after the PBS control treatment based
on decreasing median α and J. Furthermore, based on the narrowing
of the distribution in the box–whisker plot, biofilms become less
heterogeneous. These are consistent with the published results [35].
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All three GH-treated biofilms impacted the viscoelastic
properties of PAO1 biofilms at a local level (Figure 3). All GH-
treated biofilms exhibited increased median α and J values compared
to the PBS control-treated biofilms and were also statistically less
elastic and stiff. Additionally, the cellulase- and xylanase-treated
biofilms were also statistically weaker than untreated biofilms in
terms of median α and J values. Furthermore, all GH-treated
biofilms are qualitatively more heterogeneous than the PBS
control-treated biofilm.

Unlike previously mentioned bulk experiments on mucoid
strains [45], all three GHs impacted the viscoelastic properties of
PAO1 biofilms in microrheology; this is likely due to this strain
(PAO1) expressing all three polysaccharides in P. aeruginosa
biofilms. Importantly, these results indicate that one mechanism
of efficacy of GHs as dispersal agents seems correlated with their
ability to make biofilms less elastic and stiff based on the
aforementioned observations from Figure 3, which shows the
efficacy of all three known GHs as dispersal agents in weakening
biofilm viscoelasticity.

Furthermore, these results indicate that similar to
observations with dispersal experiments, the phenotypic
expression of EPS components is quite important to the
impact of GHs on biofilms. The three GHs chosen should
each attack specific linkages within one or multiple
polysaccharides present in the P. aeruginosa EPS; without the
appropriate EPS component to act on, GH is ineffective. In this

work, due to the strain expressing all three polysaccharides found
in P. aeruginosa biofilms, each GH impacted viscoelasticity.

Interestingly, these impacts were not as initially expected, based
on the current understanding of EPS impact on viscoelasticity. To
better understand exactly how GHs impact viscoelasticity through
interaction with EPS polysaccharides, we examined the effects of
each GH on biofilms made from strains that were missing major EPS
polysaccharide components, which we outline in the following
sections.

Amylase and EPS interaction

α-Amylases cleave α-1,4 glycosidic bonds in amylose [59];
similar bonds are found in Pel in P. aeruginosa EPS [41], which
is associated with less elastic and stiff biofilms [32,35,40]. Therefore,
treatment with α-amylase was expected to make a biofilm more
elastic and stiffer. However, treatment with α-amylase created
PAO1 WT biofilms with increased median α and J values
statistically less elastic and stiff than PBS control-treated biofilms
(Figure 3). Looking at the raw data, we can see how biofilms missing
EPS polysaccharides are differently impacted by α-amylase
treatment (Figure 4).

The Δpel biofilm is both less elastic and stiff compared to the PBS
control-treated biofilm. Theoretically, α-amylase should exhibit no
effects when Pel is absent. However, Δpel biofilms demonstrated
changes in both relative elasticity and compliance upon treatment
with α-amylase. This indicates that the amylase is interacting with
something other than Pel.

The Δpsl strain α-amylase-treated biofilm is more elastic and
stiffer than the PBS control-treated biofilm. Untreated Δpsl biofilms
are less elastic and stiff than WT biofilms as expected; after PBS
control treatment, they are slightly less stiff which is likely due to
physical disruption caused by flow disturbance over the weaker
films. After treatment with α-amylase, the biofilm is alginate-
dominant, that is, quite stiff, which appears to be consistent with
our previous finding that ΔpelΔpsl biofilms were more elastic and
stiffer than most other EPS knockout strains [35].

Finally, in Δalg (and the WT), both Psl and Pel were present, but
the α-amylase treatment resulted in biofilms that were statistically
less elastic and stiff compared with PBS control-treated biofilms.
This is counterintuitive because typical results indicate that films
with Psl that lack Pel should be more elastic and stiffer than biofilms
with Pel. [32,35,40]. Why cleaving bonds in Pel, which should
reduce its impact, has the reverse effect is unclear. Perhaps in
this case, cleaving Pel rather than it not existing or being less
alters the microstructure in a different manner, which explains
the resultant less elastic film.

TABLE 1 Number of particles tracked in each combination of PAO1 strain and GH.

Pre-treatment After control After α-amylase After cellulase After xylanase

PAO1 WT 1626 266 233 546 483

PAO1 ΔPel 1553 382 253 229 523

PAO1 ΔPsl 777 311 192 93 105

PAO1 ΔAlg 1352 306 251 455 294

FIGURE 2
Individual particle MSD vs. lag time fromWT biofilm sample post-
treatment with cellulase.
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FIGURE 3
Effects on relative viscoelasticity, α, and creep compliance at lag time t = 1 s of PAO1 wild-type biofilms after 48 h and subjected to 2.5 h of PBS
control and GH treatments.

FIGURE 4
Effects of α-amylase on relative viscoelasticity, α, and creep compliance at a lag time of t = 1 s on PAO1 biofilms.
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These results seem to indicate that the α-amylase’s interaction
with EPS polysaccharides goes beyond cleaving Pel. Given the
similarity between the α-amylase-treated Δpsl in this work and
the ΔpelΔpsl in the previous work [35], it appears that the α-
amylase is not interacting with alginate. Furthermore, given
weakening of all strains that incorporate Psl, it appears that the
α-amylase is also cleaving some bonds in Psl and Pel, which may
explain its overall utility as a dispersal agent.

Cellulase and EPS interaction

Cellulase cleaves β-1,4 glycosidic bonds found in cellulose; [60]
similar bonds are also found in Psl, the major structural component of
the biofilm, and alginate, which is important to yield properties of
biofilm, in P. aeruginosa EPS [28–30]. In previous studies, it was found
that using bulk rheology on alginate-dominant biofilms, cellulase did
not impact viscoelasticity [45]. Figure 3 shows that treatment with
cellulase made PAO1 biofilms statistically less elastic and stiff compared
with PBS control-treated biofilms based on increasing α and J values.
Furthermore, the cellulase-treated film had greater heterogeneity.

Cellulase effects were consistent across the biofilms produced by
all EPS knockout strains, making them relatively less elastic and stiff
(Figure 5). Given that cellulase was expected to target both alginate
and Psl, which were present in every strain studied, it is unsurprising
that it was effective in impacting every strain.

Viscoelasticity changes were quite similar for bothWT and Δpel
biofilms, which both contain Psl and alginate. Compared to the PBS

control-treated experiments, treated biofilms are relatively less
elastic and stiff.

Looking at the cellulase-treated Δpsl biofilm, we note that the
biofilm is statistically different in terms of the distribution of α
compared to the control. However, there is a significant overlap in
the distributions, and the means are in fact quite close to one
another. Furthermore, the compliances are in fact statistically
identical and similar in value. Examining these results, it would
appear that the cellulase has minimal impact on the biofilm when Psl
is not present.

Looking at the cellulase-treated Δalg biofilm, we see that relative
viscosity and compliance both increase in statistically significant
ways. In this film, the target of the cellulase is Psl, which as
previously stated is the major mechanical component of most
biofilms, and when cleaved by the cellulase, the remaining
polysaccharide is Pel, and hence we expect a much less elastic
and stiff film.

Given these results from the comparison of Δpsl and Δalg
strains, it appears that cellulase primarily impact Psl, and, hence,
can be seen to primarily weaken the biofilm due to its impact on that
polysaccharide.

Xylanase and EPS interaction

Xylanase cleaves β-1,4 glycosidic bonds in xylose, [61] indicating
that it should impact Psl, the major structural component of the
biofilm, and alginate, which is important to yield properties of

FIGURE 5
Effects of cellulase on relative viscoelasticity, α, and creep compliance at a lag time of t = 1 s on PAO1 biofilms.
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biofilm, in P. aeruginosa EPS [28–30]. Figure 3 shows that xylanase
treatment made PAO1 biofilms statistically relatively less elastic and
stiff compared to PBS control-treated biofilms based on increasing α
and J values. It was assumed that this would be primarily due to the
interaction with Psl, same as the cellulase.

Starting with the Δpel biofilm, the treatment results in a more
elastic and stiffer biofilm. In this case without Pel, assuming that the
xylanase has successfully cleaved bonds within Psl and alginate, the
resultant biofilm would have very little complete microstructure left,
and we would expect a decrease in overall elasticity and stiffness.
However, the opposite is observed.

The Δpsl biofilm after xylanase treatment is statistically identical
to the untreated biofilm in terms of both relative elasticity and
compliance. Furthermore, it is statistically very similar to the PBS
control-treated biofilms. This would appear to indicate that the
xylanase is primarily interacting with the Psl and not alginate.

The Δalg biofilm, although statistically different in distribution,
is slightly more elastic than the PBS control-treated biofilm and
slightly less stiff in a statistically significant way. This would indicate
very little interaction with the Psl.

It is unclear which EPS component the xylanase is impacting in
the biofilm. From the WT results, xylanase clearly impacts
viscoelasticity. From the Δpel, the increased elasticity and
decreased compliance are counterintuitive to interactions with Psl
or alginate. Δpsl results indicate a lack of interaction with alginate,
and Δalg results indicate a lack of interaction with Psl. The results of

the EPS knockout strains contribute little to clarify how the xylanase
interacts with the EPS and further muddy the situation. Figure 6
exhibits that the results are significantly different and much harder
to interpret.

Discussion

The impact of GHs on the viscoelasticity of PAO1 biofilms with
all EPS polysaccharides present appears to confirm some correlation
between the “weakening” of biofilms and a reduction in relative
elasticity and increase in compliance of biofilms. Therefore, we can
say with some confidence that biofilm reduction in viscoelasticity is
correlated with active dispersal caused by these GHs as previously
observed. Importantly, this effect seems to only occur when the
appropriate EPS polysaccharide that the GH is assumed to impact is
present. However, the actual interactions between the GHs and EPS
are not as simple as is assumed based on the known glycosidic
linkage they attack.

Reviewing the impact of microrheology on EPS knockout
strains, we obtain interesting results from amylase impacting
films without Pel and xylanase having difficult to interpret
interactions with specific EPS components. It has been previously
described that xylanase improves cell wall dewatering properties in
plants, which might impact EPS water retention and overall biofilm
viscoelasticity [62]. However, we might expect such effects to be

FIGURE 6
Effects of xylanase on relative viscoelasticity, α, and creep compliance at a lag time of t = 1 s on PAO1 biofilms.
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consistent across all strains if the impact was indeed related to cell
walls. It appears possible that both amylase and xylanase are having
interactions with unexpected EPS polysaccharides, affecting non-
polysaccharide EPS components, or the manner in which the
microstructure is altered due to the specific bonds cleaved by the
GHs is creating a more complicated microstructure than our tests
here can discern without a thorough examination of microstructural
changes which are extremely difficult to accomplish. In any case, it is
clear that the interactions between the GHs and EPS are more
complicated than it would appear which is predicted by the simple
understanding of what bonds the GHs impact within specific EPS
polysaccharides.

This is further evidenced by the difference between the cellulase
and xylanase, which, despite both targeting the same
polysaccharides, have different impacts on the WT results
(Figure 3). Xylanase seemed to have a larger impact on J than
cellulase. It was assumed that similar results on the EPS knockout
strains would be observed for the xylanase compared to the cellulase.
However, cellulase clearly targeted Psl, whereas xylanase had much
more complicated EPS interactions. It is possible that the
differences, both in the WT response and in the EPS knockout
strains/EPS interactions, here reflect the ability of different GHs to
diffuse through the biofilm. Indeed, one of the signatures of biofilms
is the creation of microenvironments with altered mechanical,
electrical, and chemical signatures that can effectively block
different types of cells and antimicrobials. Although the xylanase
and cellulase target the same bonds, we may be observing the effects
of microenvironments blocking diffusion of the two molecules
differently and that may explain the anomalous results between
the two.

Conclusion

Examining the results of the microrheology studies in this work,
we attempted to evaluate whether the effects of three well-known
GH dispersal agents could be attributed to their ability to create less
elastic and stiff biofilms at a local level. The results of all three GHs
on the WT strain of PAO1 clearly indicate that all GHs create less
elastic and stiff biofilms after typical treatments that have been
shown to cause effective dispersal in previous studies. These results
suggest that the cleaving of the bonds of the various polysaccharides
in the EPS creates a less elastic and stiff environment, which is likely
a cause for the efficacy of these GHs as dispersal agents.

Cellulase acted as expected and showed particularly strong
efficacy in impacting Psl, which is typically attributed to be the
most important polysaccharide in the microstructural integrity and
mechanical properties of the EPS. The noted efficacy of cellulase in
several studies as a dispersal agent seems to correspond to this work
identification of its efficacy at affecting Psl polysaccharides within
the EPS based on the microrheology results [26,27,63].

α−Amylase, known to attack Pel, was observed to not only
clearly impact Pel based on the microrheology results but also
impact biofilms without Pel, indicating that it was also

potentially interacting with Psl. Given Pel’s lack of importance in
biofilm elasticity, it is unsurprising that the α-amylase was observed
to impact Psl, which may likely help explain its efficacy.

Finally, xylanase results suggest no consistent interaction with
any particular polysaccharide and provide no clear indication of
why/how it lowers the viscoelasticity of the WT strains. Although it
clearly impacts the viscoelasticity of the WT, the mechanism
remains unclear based on these results. The results indicate that
the interactions between GHs and the EPS are more complicated
than predicted by the specific bonds the GHs are known to interact
with, which should be addressed in future studies to better
understand what these interactions actually may be.
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