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ABSTRACT The pathological properties of airway mucus in cystic fibrosis (CF) are dic-
tated by mucus concentration and composition, with mucins and DNA being responsible
for mucus viscoelastic properties. As CF pulmonary disease progresses, the concentrations
of mucins and DNA increase and are associated with increased mucus viscoelasticity and
decreased transport. Similarly, the biophysical properties of bacterial biofilms are heavily
influenced by the composition of their extracellular polymeric substances (EPS). While the
roles of polymer concentration and composition in mucus and biofilm mechanical proper-
ties have been evaluated independently, the relationship between mucus concentration
and composition and the biophysical properties of biofilms grown therein remains
unknown. Pseudomonas aeruginosa biofilms were grown in airway mucus as a function of
overall concentration and DNA concentration to mimic healthy, and CF pathophysiology
and biophysical properties were evaluated with macro- and microrheology. Biofilms were
also characterized after exposure to DNase or DTT to examine the effects of DNA and
mucin degradation, respectively. Identifying critical targets in biofilms for disrupting
mechanical stability in highly concentrated mucus may lead to the development of effica-
cious biofilm therapies and ultimately improve CF patient outcomes. Overall mucus
concentration was the predominant contributor to biofilm viscoelasticity and both DNA
degradation and mucin reduction resulted in compromised biofilm mechanical strength.

IMPORTANCE Pathological mucus in cystic fibrosis (CF) is highly concentrated and
insufficiently cleared from the airway, causing chronic inflammation and infection.
Pseudomonas aeruginosa establishes chronic infection in the form of biofilms within
mucus, and this study determined that biofilms formed in more concentrated mucus
were more robust and less susceptible to mechanical and chemical challenges com-
pared to biofilms grown in lower concentrated mucus. Neither DNA degradation nor
disulfide bond reduction was sufficient to fully degrade biofilms. Mucus rehydration
should remain a priority for treating CF pulmonary disease with concomitant multi-
mechanistic biofilm degradation agents and antibiotics to clear chronic infection.
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Chronic respiratory infection by Pseudomonas aeruginosa is a major contributor to
morbidity and mortality in cystic fibrosis (CF) (1–3). The CF airway is characterized

by abnormal mucus properties, including hyperconcentration, increased viscoelasticity,
and decreased mucociliary transport (4–6). Mucins, high molecular weight glycopro-
teins, form a polymeric mesh network that is responsible for the viscoelastic properties
of mucus (4, 7). Abnormal water absorption, mucus dehydration, and mucin hyperse-
cretion in CF together result in highly concentrated mucus in the airway which pro-
motes chronic respiratory infections (5, 8). Mucus in CF represents an ideal growth
environment for P. aeruginosa as it both provides a physical mesh to grow within and
acts as a nutrient source (5, 9). High density gels such as .0.6% agarose and CF
sputum promote bacterial aggregation (8), and attachment to mucins has been
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hypothesized to improve biofilm stability (5, 8, 10). Indeed, pathological mucus proper-
ties are associated with increased incidence of infection, and P. aeruginosa in particular
establishes biofilms, which are viscoelastic aggregates of bacteria protected by a ma-
trix of extracellular polymeric substances (EPS) (5, 11, 12). The composition of biofilm
EPS is dependent upon a number of factors, including the biophysical and biochemical
properties of the growth environment (13–15).

Both mucus and biofilms have viscoelastic properties that are heavily influenced by
the concentration and composition of polymeric substances (4, 11). For mucus, those
polymers include DNA, which is released into the airway as a result of the chronic
inflammatory response and mucins (16, 17). In biofilms, the EPS include DNA that bac-
teria self-produce or uptake from the environment, polysaccharides, lipids, and pro-
teins (13). The importance of DNA in both mucus and biofilm biophysical properties
has recently been investigated and correlated with decreased transport of mucus (17)
and antibiotic susceptibility in biofilms (2, 18). In biofilms, extracellular DNA (eDNA) is
increased when DNA concentrations in the environment are increased, and eDNA has
been associated with increased biofilm viscoelasticity and decreased susceptibility to
mechanical and chemical challenge (2, 18, 19). However, the role of DNA in airway mu-
cus in influencing biofilm biophysical properties has yet to be elucidated.

In general, the relationship between airway mucus composition and biofilm recalci-
trance is poorly understood. It has been established independently that increased mucus
concentration promotes biofilm formation (5, 8) and that increased eDNA concentrations
are associated with more robust biofilms (2, 18, 19), but biofilm mechanical properties as a
function of DNA concentrations in mucus have not yet been evaluated. It is essential to
understand how changes in mucus composition and concentration affect biofilm mechan-
ics and susceptibility in order to identify potential therapeutic targets and improve patient
outcomes. Conventional antibiotics are limited by poor diffusion through and reduced effi-
cacy in mucus (20, 21). Additionally, the rise in antibiotic resistance limits the spectrum of
antibiotics available to use for chronic infections, particularly as biofilms inherently exhibit
decreased susceptibility to antibiotics compared with their planktonic counterparts (22,
23). Improving our understanding of biofilm mechanics will ultimately lead to more effec-
tive treatment design.

Herein, we describe the evaluation of P. aeruginosa biofilm mechanical strength
with macro- and microrheological techniques as a function of human bronchial epithe-
lial (HBE) mucus composition. Mucus at 2% and 5% solids to represent healthy and
pathological mucus, respectively, was supplemented with salmon sperm DNA at 100:1
and 20:1 mucin to DNA ratios to mimic early and more advanced CF mucus (17, 24).
Biofilms were also exposed to the DNA degradation enzyme, DNase, or to a reducing
agent, dithiothreitol (DTT), to investigate: (i) the relative contribution of DNA in mucus
to biofilm mechanical strength, and (ii) the disruption of chemical bonds and physical
interactions in the biofilm matrix. Identifying key targets for biofilm disruption as a
function of mucus composition may improve the selection and efficacy of future anti-
biofilm treatments in CF pulmonary disease.

RESULTS
The combination of mucins and DNA produce mechanically strong biofilms in

nutrient broth. To first evaluate the individual contributions of mucins and DNA in the
growth media to biofilm mechanical strength, P. aeruginosa biofilms were grown in
tryptic soy broth (TSB) supplemented with porcine gastric mucins (PGM) which has a
reported molecular mass of 4,000 to 5,000 kDa (Sigma M1778) and/or salmon sperm
DNA which has a reported molecular mass of 2 kbp (Sigma D1626) at concentrations
used for making artificial sputum media (ASM). This reductionist approach was taken first
to determine if environmental mucins or DNA in the growth media individually contrib-
ute to biofilm mechanical properties or if the combination of the two is necessary for ro-
bust biofilm formation. The concentrations of PGM or DNA used was 5 mg/mL, which
has traditionally been used for preparing ASM (18, 25), and a 10-fold dilution to investi-
gate concentration effects. Healthy mucus contains ;1 mg/mL mucins and ;10 mg/mL
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DNA (26, 27) while pathological mucus has mucin concentrations of .5 mg/mL and
DNA concentrations of .100 mg/mL (4, 16, 28). Thus, this range of mucin and DNA con-
centrations spans the spectrum of health and disease. Combinations of PGM and DNA
were made with PGM at 5 mg/mL and mucin to DNA ratios of 100:1 (i.e., 0.05 mg/mL
DNA) and 20:1 (i.e., 0.25 mg/mL) to mimic mucin to DNA ratios observed in CF in pre-
school aged children and adults, respectively (17). The investigation of biofilm growth in
nutrient-rich broth (TSB), with the addition of PGM and DNA alone and in combination,
enables the analysis of the relative contributions of PGM–DNA interactions to the bio-
physical properties of biofilms. Pseudomonas aeruginosa biofilms exhibited viscoelasticity
with an elastic modulus (G’) greater than the viscous modulus (G”), meaning they behave
as a soft viscoelastic solid, i.e., tand ,0.5 (29). The addition of DNA alone to TSB had no
significant effect (P . 0.05) on biofilm macrorheology, regardless of DNA concentration
(Table 1). In contrast, the addition of PGM alone to TSB resulted in significantly (P ,

0.05) decreased complex viscosity (h*, 0.05 Pa�s) of biofilms compared with TSB alone
(0.10 Pa�s). A similar phenomenon has been described previously where low concentra-
tions of mucins have been shown to prevent biofilm formation (30–32). The combina-
tions of PGM and DNA in media resulted in mechanically stronger biofilms compared
with TSB alone, with h* values being 3 to 4 times greater. Both mucin to DNA ratios of
100:1 and 20:1 produced biofilms with statistically similar h* values, 0.31 and 0.41 Pa�s,
respectively, though the larger DNA concentration (20:1) was associated with a greater
absolute value of h*. Viscometry analysis of the growth media show slight increases in
macroscopic media viscosity with the addition of PGM and DNA, particularly at 20:1
mucins to DNA, but particle tracking microrheology (PTMR) indicates that all growth
media behave as water (Fig. 1).

To elucidate the importance of eDNA in biofilm mechanical stability, biofilms were
grown in TSB alone, exposed to the DNA degradation enzyme, DNase, and evaluated
with PTMR. Microrheology is capable of resolving spatial heterogeneity that is lost in
the bulk measurement of macrorheology (33). The degradation of eDNA within the
biofilm was hypothesized to compromise structural integrity. Exposing TSB biofilms to
DNase resulted in significant changes in biofilm microrheology (Fig. 2), including mean
h* and heterogeneity, as demonstrated by the swarm charts in Fig. 2A. Quantification
of heterogeneity was performed using the non-Gaussian parameter, k , wherein greater
k values indicate more heterogeneity within the sample (34). For normal Brownian
motion, the value of k should be �1 (34). Values of k for each DNase concentration
are listed in Fig. 2A. The most homogeneous sample was biofilms treated with 100 mg/
mL DNase, though all doses of DNase were associated with decreased k values. The
lowest tested dose, 10 mg/mL, had no significant effect on biofilm complex viscosity,
h* (Fig. 2B), but 20 mg/mL increased h*. The greatest doses of DNase, 100 and
150 mg/mL, resulted in h* values greater than that of the PBS-treated control but
lower than that for 20 mg/mL DNase. No tested concentration of DNase reduced bio-
film h* to that of water (1 mPa�s), indicated by the dashed line in Fig. 2C. Thus, greater
concentrations of DNase may be needed to fully dissociate the biofilm.

TABLE 1Macroscopic moduli of P. aeruginosa biofilms grown in TSB as a function of mucin
and DNA concentrationsa

Growth media G' (Pa) G” (Pa) h* (Pa�s)
TSB 0.646 0.27 0.116 0.03 0.106 0.04
DNA 0.5 mg/mL 0.786 0.43 0.186 0.08b 0.136 0.07
DNA 5 mg/mL 0.786 0.52 0.186 0.12 0.146 0.09
PGM 0.5 mg/mL 0.216 0.11b 0.066 0.02 0.046 0.02b

PGM 5 mg/mL 0.336 0.15b 0.076 0.03 0.056 0.02b
cPGM:DNA 100:1 1.866 1.40b 0.476 0.32b 0.316 0.23b
cPGM:DNA 20:1 2.506 0.49b 0.716 0.34b 0.416 0.25b

aData are presented as the mean and standard deviation of$3 separately grown and analyzed biofilms.
bP, 0.05 compared with TSB biofilms.
cPGM held at 5 mg/mL and DNA adjusted to ratio.
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Increasing overall mucus concentration and DNA to mucin ratios resulted in
increased viscoelasticity. To more accurately mimic CF physiology, mucus collected
from human bronchial epithelial (HBE) cultures was selected as a biofilm growth
media. (28, 35) First, the biophysical properties of mucus were evaluated as a function
of salmon sperm DNA concentrations to determine the effect of DNA on mucus viscoe-
lasticity. A comparison of the macro and microrheology of 2% and 5% mucus demon-
strated that more concentrated mucus exhibited greater viscoelastic moduli (Table 2),
in keeping with previous work (5, 16). On the macro scale, the complex viscosity (h*)

FIG 1 Rheology of TSB growth media with PGM (5 mg/mL) and DNA at 100:1 and 20:1 mucin to DNA ratios. Right panel: macroscopic
viscometry analysis of media types. Data are presented as mean 6 standard deviation of $3 measurements. Left panel: microscopic complex
viscosity of media types. Data are presented as kernel density estimate of probability density function for all tracked beads (n . 50).

FIG 2 Biofilms grown in TSB microrheology as a function of DNase concentration. (A) Swarm chart of all tracked bead h* measurements in
treated biofilms with k values listen in table above corresponding dose of DNase. (B) Mean ensemble h* and standard deviation of treated
biofilms. (C) Probability distribution of each bead h* for each condition. The viscosity of water is indicated by the dashed line. Data are
presented for all beads tracked in $3 separately grown and analyzed biofilms. Statistical analysis with the Anderson-Darling test determined
that all treatments of DNase were significantly (P , 0.05) different from PBS treatment.
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of 5% mucus was greater than that of 2% by a factor of ;3. The addition of DNA did
not significantly increase h* in 2% mucus but macroscopic moduli were significantly
greater in 5% mucus with DNA. Both G’ and G” values trended with h* and were signif-
icantly increased in 5% mucus with DNA. Particle tracking microrheology showed that
h* was greater in mucus with DNA at both 2% and 5% (Fig. 3), though the most signifi-
cant contributor to h* was overall concentration. In addition, 2% mucus was character-
ized by a bimodal distribution of lower h*, more water-like component and a higher
h*, more solid-like component (Fig. 3A), in agreement with previous work (28). This
bimodality was likewise observed in 2% mucus with DNA supplementation, suggesting
that the addition of DNA at these concentrations is insufficient to homogenize mucus
h* values into a single peak that is observed in greater concentrations of HBE mucus (4).
Statistical analysis of PTM data with the Anderson-Darling test confirms that mucus at

TABLE 2Mucus macroscopic moduli as a function of concentration and compositiona

Mucus G' (Pa) G” (Pa) h* (Pa�s)
2% HBE 0.4656 0.200 0.2276 0.039 0.0826 0.031
2% 100:1 0.5236 0.343 0.1956 0.077 0.0906 0.055
2% 20:1 0.4646 0.346 0.1736 0.101b 0.0796 0.057
5% HBE 0.8386 0.354 0.4516 0.074 0.1536 0.055
5% 100:1 1.7826 0.642b 1.0556 0.494b 0.3306 0.128b

5% 20:1 1.9866 0.823b 1.5866 0.174b 0.4186 0.083b

aData are presented as the mean and standard deviation of$3 separately prepared and analyzed mucus
samples.

bP, 0.05 compared with same concentration mucus without DNA.

FIG 3 Mucus microrheology as a function of concentration and composition. Swarm chart of all tracked bead h* measurements in each mucus type. The
non-Gaussian parameter k is listed above each mucus type. (B) Mean ensemble h* and standard deviation for each mucus type. (C) Probability distribution
of each bead h* for each condition. The viscosity of water is indicated by the dashed line. Data are presented as the distribution of all tracked beads in
$3 separately prepared and analyzed samples.
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5% solids is significantly different from mucus at 2% solids (Table 3). Further, the differ-
ence in DNA concentration in both 2% and 5% mucus was nonsignificant (Table 3).

Biofilm rheology is correlated with mucus rheology. After mucus characteriza-
tion, P. aeruginosa biofilms were grown in HBE mucus at 2% and 5% total solids with
no DNA, 100:1 mucin to DNA, or 20:1 DNA. Biofilms grown in mucus were rheologically
similar to those grown in nutrient broth (Tables 1 and 4). All biofilms were dominated
by G’ (tand ,0.5) similar to mucus. The presence of DNA in mucus was not associated
with any significant changes in macroscopic moduli (Table 4). The predominant dis-
criminator between biofilm rheology was overall mucus concentration, with 5% mucus
types facilitating the growth of more robust biofilms (i.e., greater G’, G,” and h* values).
The same trend was observed with PTMR wherein biofilms grown in 5% mucus types
exhibited one peak at a greater mean h*compared with those grown in 2% mucus
types (Fig. 4). Consistent with mucus rheology (Fig. 3), biofilms grown in 2% mucus
types also demonstrated a bimodal distribution into distinct lower and greater h*
groupings (Fig. 4A). The addition of DNA to 5% mucus was correlated with a greater
mean biofilm h*, and biofilms were more heterogeneous compared to those grown in
the absence of DNA. Biofilms grown in 5% mucus had significantly (P , 0.05) greater
macroscopic moduli compared with those grown in 2% mucus, but no differences
were measured with the addition of DNA at any tested concentration. Statistical analy-
sis of PTMR data confirmed that biofilms grown in 5% mucus were significantly (P ,

0.05) different from those grown in 2% mucus (Table 5). The difference between DNA
concentrations in 5% mucus was nonsignificant (Table 5), suggesting that mucus con-
centration was the dominant factor.

Treatment with DNase or DTT affects biofilm rheology. Biofilms were treated
with DNase to degrade eDNA or with DTT, a powerful reducing agent. While DTT is cy-
totoxic (36, 37), evaluation of the efficacy of a reducing agent against in vitro biofilms
in comparison with DNase is critical for the design of novel efficacious antibiofilm
agents. Reductions in biofilm macrorheology by DNase or DTT occurred in a predomi-
nantly concentration-dependent manner (Table 6). Some concentrations of DNase or
DTT caused an increase in biofilm h*, but this phenomenon was not consistent across
mucus compositions. For example, 5% HBE biofilm h* increased at 10 mg/mL DNase
but was indistinguishable at 100 and 1,000 mg/mL. However, DTT reduced 5% HBE bio-
film h* at 15 and 150 mg/mL but increased biofilm h* at 1,500 mg/mL. Degradation of

TABLE 3 Statistical analysis of mucus microrheology as a functional of concentration and
compositiona

P value 2% HBE 2% HBE 100:1 2% HBE 20:1 5% HBE 5% HBE 100:1
2% HBE 100:1 2.34E-204
2% HBE 20:1 1.29E-202 0.1772b

5% HBE 0 1.07E-198 2.50E-170
5% HBE 100:1 3.61E-108 3.06E-57 1.45E-52 0.0069
5% HBE 20:1 1.06E-71 5.54E-34 5.76E-31 0.0088 0.94
aComplex viscosity values were evaluated at 1 Hz using the Anderson-Darling test.
bValues that are.0.05 are bolded for clarity.

TABLE 4 Biofilm macroscopic moduli as a function of mucus concentration and
compositiona

Biofilm G’ (Pa) G” (Pa) h* (Pa�s)
2% HBE 0.4776 0.401 0.1666 0.123 0.0816 0.066
2% 100:1 0.7586 0.314 0.2506 0.082 0.1276 0.051
2% 20:1 0.6676 0.567 0.2176 0.140 0.1126 0.092
5% HBE 1.7626 0.856 0.7146 0.367 0.3036 0.147
5% 100:1 1.6186 1.055 0.6246 0.365 0.2766 0.178
5% 20:1 1.3696 0.144 0.5666 0.054 0.2366 0.022
aData are presented as the mean and standard deviation of$3 separately grown and analyzed biofilms. 5% HBE
type biofilms were significantly different (P, 0.05) from 2% HBE type biofilms, but no significance observed
between biofilms grown with the same mucus concentration.
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the biofilm extracellular matrix allows for the disruption and release of interior compo-
nents such as both live and dead bacterial cells exoenzymes, swellable polysaccha-
rides, proteins, and lipids (13), which can increase bulk rheology. Indeed, biofilm
disruption and bacterial cell death via nitric oxide or tobramycin exposure has previ-
ously been shown to increase biofilm macrorheology (18). The use of PTMR improves
the analysis of local viscosity in the biofilm and describes biofilm heterogeneity (Fig. 5
and 6). Biofilms grown in all 2% HBE mucus types were similarly affected by mid
(150 mg/mL) to high (1,500 mg/mL) doses of DTT (Fig. 5). The higher h* component of
2% biofilms disappeared with DTT treatment. Uniquely, the largest dose of DTT
reduced 5% biofilm mean h* and was associated with a second peak at lower h*
(Fig. 6), similar to untreated 2% biofilms. This effect was also observed at the largest
dose of DNase.

FIG 4 Biofilm microrheology as a function of mucus concentration and composition. (A) Swarm chart of all tracked bead h* measurements in biofilms.
The non-Gaussian parameter k is listed above each biofilm. Dashed line represents the viscosity of water. (B) Mean ensemble h* and standard deviation of
biofilms. (C) Probability distribution of each bead h* for each condition. The viscosity of water is indicated by the dashed line. Data are presented for all
beads tracked in $3 separately grown and analyzed biofilms.

TABLE 5 Statistical analysis of biofilm microrheology as a functional of concentration and
compositiona

P value PAO1 2% PAO1 2% 100:1 PAO1 2% 20:1 PAO1 5% PAO1 5% 100:1
PAO1 2% 100:1 2.57E-04
PAO1 2% 20:1 1.36E-05 5.18E-10
PAO1 5% 6.25E-127 1.00E-85 2.26E-145
PAO1 5% 100:1 1.18E-101 2.46E-71 6.67E-111 9.39E-14
PAO1 5% 20:1 4.66E-103 9.52E-73 3.97E-111 7.44E-15 0.9289b

aComplex viscosity values were evaluated at 1 Hz using the Anderson-Darling test.
bValues that are.0.05 are bolded for clarity.
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Indeed, the effects of high dose DNase were apparent in histograms of h* in Fig. 7.
Untreated 2% biofilms had a distinct bimodal distribution into low and high viscosity
components. Treatment with DNase reduced the proportion of signal in the higher
h*component, shifted the absolute mean h* value down closer to water, and increased
the relative proportion of the low h* component. Biofilms grown in 2% 20:1 also
included a component with the viscosity of water after exposure to DNase, indicated by
the dashed line. Biofilms grown in 5% mucus types have a single peak with PBS treat-
ment, but upon exposure to DNase, a lower h* component appears in the histogram.
Mean and standard deviation data of PTMR experiments quantifying the efficacy of treat-
ments on biofilm rheology are given in Table 7.

DISCUSSION

This study represents the first examination into the relationship between mucus
concentration/composition and P. aeruginosa biofilm mechanical properties. The con-
tributions of mucus concentration and composition to biofilm strength are critical to
understand due to the increasing concentration of mucins and DNA with CF pulmo-
nary disease progression. We hypothesized that the viscoelastic properties of
Pseudomonas aeruginosa biofilms grown in mucus would be dominated by the overall
mucus concentration and composition, similar to mucus (4, 16, 17). Indeed, P. aerugi-
nosa biofilms grown in nutrient broth (TSB) behaved as a viscoelastic solid (tand ,0.5),
with G’ greater than G” at 0.64 and 0.11 Pa, respectively (Table 1). Regardless of media
composition (i.e., with or without mucins and DNA), all P. aeruginosa biofilms studied
behaved as viscoelastic solids, likely due to the prevalence of strong chemical and
physical interactions in the extracellular matrix between polymers such as eDNA and
polysaccharides. Consistent with previous reports (30–32), low concentrations of PGM
(0.5 and 5 mg/mL) in TSB inhibited robust biofilm formation, as G’ was about half that
of those grown in TSB alone. In contrast, DNA in the growth media alone did not signif-
icantly affect biofilm rheology, neither at 0.5 nor 5 mg/mL. However, the combination
of PGM and DNA in TSB facilitated robust biofilm formation with macrorheology values
3 to 4 times greater than those grown in TSB alone (Table 1). Thus, the combination of
mucins and DNA in media are associated with mechanically robust biofilms while the
individual polymers are not.

Biofilms utilize both endogenously produced and environmentally derived DNA for
mechanical stability (18). Treatment with DNase, the DNA degradation enzyme, enzy-
matically cleaves eDNA in biofilm and alters viscoelastic properties. While the lowest
dose of DNase tested by microrheology, 10 mg/mL, had no significant impact on h*,
20 mg/mL increased h* compared with the PBS-treated control. By degrading eDNA in
the matrix, chemical bonds are broken, interactions are disrupted, and biofilm compo-
nents (e.g., cells, biomacromolecules) are released from the interior. Biofilm heteroge-
neity (k ) increased and EPS rearrangement due to minimal eDNA degradation likely
contributed to greater h*. Biofilm h* was greater compared with the PBS-treated con-
trol but decreased compared with biofilms exposed to 20 mg/mL DNase, suggesting a
threshold concentration for uniform biofilm degradation for these biofilms. Biofilm het-
erogeneity is of significant concern when treating with antibiotics due to the risk of
fostering antibiotic resistance when the biofilm is not completely eradicated (3, 38);

TABLE 6 Biofilm macroscopic h* after 24 h exposure to DNase or DTTa

Treatment 2% HBE 2% 100:1 2% 20:1 5% HBE 5% 100:1 5% 20:1
PBS 0.0816 0.066 0.1276 0.051 0.1126 0.092 0.3036 0.147 0.2766 0.178 0.2366 0.022
DNase 10 ug/mL 0.0056 0.003 0.0466 0.009 0.0966 0.007 1.7006 0.148 0.1966 0.036 0.4756 0.054
DNase 100 ug/mL 0.0096 0.004 0.0526 0.009 0.0186 0.004 0.2506 0.024 1.2436 0.116 0.5916 0.045
DNase 1,000 ug/mL 0.2116 0.020 0.0266 0.004 0.0126 0.003 0.2926 0.033 0.1536 0.033 0.1106 0.003
DTT 15 ug/mL 0.0306 0.004 0.1306 0.081 1.3376 0.629 0.1056 0.003 0.1226 0.009 0.2926 0.012
DTT 150 ug/mL 0.2026 0.018 0.0486 0.010 0.0256 0.006 0.1476 0.006 0.1386 0.007 0.2076 0.008
DTT 1,500 ug/mL 0.4776 0.068 0.0496 0.012 0.0596 0.036 0.4776 0.068 0.0856 0.002 0.1586 0.004
aData are presented as the mean and standard deviation of$3 separately grown and treated biofilms.

Mucus Composition and Biofilm Recalcitrance mSphere

July/August 2022 Volume 7 Issue 4 10.1128/msphere.00291-22 8

https://journals.asm.org/journal/msphere
https://doi.org/10.1128/msphere.00291-22


thus, the non-Gaussian parameter of treated biofilms may serve as a quantitative mea-
sure of biofilm homogenization. Complete biofilm degradation to the viscosity of water
was not achieved with any tested dose of DNase, which indicates that greater concen-
trations may be necessary or that DNA degradation alone is insufficient to fully
degrade biofilms. Combinations of antibiotics and DNase have previously been investi-
gated for superior biofilm eradication (39) and future work will investigate these com-
binations in mucus-grown biofilms.

The presence of both mucins and DNA together in growth media promotes robust
biofilm development, and targeting eDNA in the biofilm matrix allows for partial bio-
film degradation. HBE mucus was then used as a growth medium for P. aeruginosa bio-
films using salmon sperm DNA at physiologically relevant mucin to DNA ratios (17, 24).
First, the viscoelastic properties of mucus as a function of concentration and composi-
tion were evaluated, and more concentrated mucus was characterized by greater
viscoelastic moduli, with 5% being 2 to 3 times greater than 2% (Table 2). The addition
of DNA to mucus also increased G’, G,” and h*. While the absolute values of 5% mucus

FIG 5 Biofilms grow in 2% HBE microrheology after 24 h exposure to DNase or DTT treatment (mg/mL). Data are presented as a swarm chart of all tracked
bead h* in $3 separately grown and treated biofilms.
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h* trended with DNA concentration, both 5% 100:1 and 5% 20:1 mucus were statisti-
cally indistinguishable from 5% mucus without DNA on the macrorheological scale.
Mucus physical properties was further resolved with PTMR (Fig. 2) where 2% mucus
exhibited the bimodal behavior characteristic of healthy mucus. The bimodal behavior
was mirrored in 2% 100:1 and 2% 20:1, though the curves shifted to greater h*. The
prevalence of the lower h* peak (more water-like) was also reduced in mucus with
DNA, indicating that 2% mucus with DNA was dominated by the greater h*, or more
solid-like, component. Previous work demonstrated that concentrated CF mucus facili-
tated biofilm formation while 2% mucus did not (5), suggesting the need for a suffi-
ciently robust viscoelastic behavior (i.e., threshold G’, G,” or h* values) in order to allow
biofilms to form in mucus.

Indeed, P. aeruginosa biofilms grown in 5% were characterized by greater visco-
elastic moduli than biofilms grown in 2% by about 4 times. Uniquely, biofilms grown in
all 2% mucus types exhibited nearly uniform bimodal distribution into lower and

FIG 6 Biofilms grow in 5% HBE microrheology after 24 h exposure to DNase or DTT (mg/mL) treatment. Data are presented as a swarm chart of all tracked
bead h* in $3 separately grown and treated biofilms.

Mucus Composition and Biofilm Recalcitrance mSphere

July/August 2022 Volume 7 Issue 4 10.1128/msphere.00291-22 10

https://journals.asm.org/journal/msphere
https://doi.org/10.1128/msphere.00291-22


higher h* components (Fig. 4). However, similar to mucus, the greatest contributor to
biofilm rheology was overall mucus concentration (Fig. 3 and 4). Significant (P , 0.05)
increases in macroscopic and microscopic moduli were observed between 2% and 5%
mucus and in biofilms grown therein. The addition of DNA to mucus was not associ-
ated with any significant changes in macroscopic moduli compared with biofilms with-
out DNA. Thus, while DNA is essential to biofilm mechanical stability, the presence of
DNA in mucus does not significantly impact the structural integrity of these P. aerugi-
nosa biofilms. In fact, only overall mucus concentration was observed to affect biofilm
macroscopic and microscopic moduli.

Biofilms were exposed to DNase to degrade the eDNA in the matrix or to DTT,
which is a reducing agent. Both agents degrade biomolecules in the extracellular ma-
trix and disrupt interactions. For simplicity, only biofilm h* will be discussed here. In
biofilms grown in 2% mucus 6 DNA, DNase at 100 mg/mL consistently reduced macro-
scopic biofilm h* (Table 6). However, at 1,000mg/mL DNase, the h* of 2% HBE biofilms
more than doubled. Biofilms grown in 2% mucus supplemented with DNA were char-
acterized by decreased h* after exposure to 1,000 mg/mL DNase (Table 4) at both
100:1 and 20:1 mucin to DNA ratios. The increase in biofilm h* is likely due to cell lysis
and the release of cells and stiff cellular debris that results in a greater measured bulk

TABLE 7 Biofilm h*measured via PTMR after 24 h exposure to DNase or DTTa

Treatment PAO1 2% HBE PAO1 2% 100:1 PAO1 2% 20:1 PAO1 5% HBE PAO1 5% 100:1 PAO1 5% 20:1
PBS 0.0506 0.033 0.0586 0.041 0.0346 0.022 0.2246 0.039 0.3556 0.018 0.3566 0.122
DNase 10 ug/mL 0.0266 0.019 0.0726 0.029 0.0276 0.020 0.1536 0.033 0.1396 0.027 0.2606 0.064
DNase 100 ug/mL 0.0046 0.000 0.0646 0.023 0.0256 0.014 0.1546 0.046 0.4646 0.175 0.1996 0.062
DNase 1,000 ug/mL 0.0046 0.001 0.0206 0.011 0.0156 0.010 0.2326 0.070 0.1076 0.033 0.1146 0.033
DTT 15 ug/mL 0.0096 0.002 0.0096 0.001 0.0286 0.016 0.1066 0.023 0.1406 0.036 0.1996 0.064
DTT 150 ug/mL 0.0056 0.000 0.0076 0.001 0.0236 0.015 0.2746 0.091 0.1346 0.035 0.1466 0.047
DTT 1,500 ug/mL 0.0276 0.019 0.0096 0.002 0.0076 0.000 0.4726 0.119 0.2136 0.105 0.1326 0.050
aData are presented as the mean and standard deviation of all tracked beads in$3 separately grown and treated biofilms.

FIG 7 Biofilm microrheology after exposure to PBS or 1,000 mg/mL DNase. Data are representative of
all tracked bead viscosities in $3 separately grown and analyzed biofilms. The concentration of HBE
is listed first and 100 or 20 denotes the ratio of mucin to DNA. The dashed line indicates the viscosity
of water. Statistical analysis between PBS and DNase treatment was performed using an Anderson-
Darling test and all P values were ,0.005.
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h*, which has previously been described (18). Indeed, PTMR of exposed 2% biofilms
demonstrated that 1,000 mg/mL DNase eliminated the higher h* component of the
biofilm and left a single low h* peak (Fig. 4), suggesting that while the local microvis-
cosity of the biofilm decreased, bulk h*may have increased due to the release of cellu-
lar debris. In the 2% 100:1 and 2% 20:1 biofilms where the concentration of DNA in
mucus was greater, DNase degraded eDNA and decreased bulk biofilm h* at 1,000mg/mL
DNase. All biofilms grown in 2% mucus types were similarly affected by 1,000 mg/mL
DNase on the microrheology scale, with a decrease in the higher h* peak and an increase
and/or shift of the lower h* peak (Fig. 5). Indeed, biofilms grown in 2% HBE with DNA at
both concentrations were degraded by 1,000 mg/mL DNase and exhibited smaller macro-
scopic h*. In contrast, biofilms grown in 2% HBE without DNA treated with 1,000 mg/mL
DNase exhibited increased macroscopic h*. We, therefore, posit that a threshold con-
centration of DNase is required to degrade eDNA without lysing bacterial cells,
whereupon cellular components are released into the bulk and increase macroscopic
viscoelasticity. A similar phenomenon was observed in biofilms grown in 5% mucus
types. Macrorheological parameters increased with low (10 mg/mL) to medium
(100 mg/mL) doses of DNase and decreased at 1,000 mg/mL (Table 4) while PTMR
demonstrates a dose-dependent decrease in biofilm h* (Fig. 4 and 5).

While DTT physically disrupts P. aeruginosa biofilms, no consistent trend across mu-
cus types was observed with DTT treatment, which reduces chemical bonds, including
disulfide bonds. In 2% mucus biofilms, macroscopic moduli increased with DTT con-
centration (Table 6). The opposite effect was observed in 2% 100:1 biofilms. In 2% 20:1
biofilms, macroscopic h* dramatically increased with the lowest tested dose of DTT
and then decreased below the value for the PBS-treated control with greater doses of
DTT. The lack of an observable trend in biofilm macrorheology may be due in part to
the toxicity of DTT, which generates reactive oxygen species (ROS) capable of damag-
ing DNA (36, 37). Thus, any changes in biofilm rheology due to the reduction of chemi-
cal bonds (e.g., mucin disulfide bonds) in the extracellular matrix may be hidden by
changes in rheology due to cell death and ROS reactions. Further, bulk rheology may
be affected by cell lysis and the release of exoenzymes, swellable polysaccharides, pro-
teins, and lipids as the biofilm is degraded (13, 18). Biofilm disruption with antibacterial
agent treatment has previously been associated with increases in macroscopic moduli
(18); thus, PTMR was used to evaluate changes in biofilm microrheology with DTT
treatment. Microrheology of DTT-treated biofilms grown in 2% mucus types showed
the presence of a tall and narrow peak at a h* near water (Fig. 5) suggesting that the
physical biofilm had been sufficiently degraded for the 1-mm probe to measure a pre-
dominantly low h* fluid. In biofilms grown in 5% mucus types, DTT treatment was
associated with an increase in biofilm heterogeneity and downward shift in h*, sug-
gestive of biofilm degradation. As macrorheology is dominated by the bulk rheological
response, microrheology is consistently superior for investigating the biophysical
effects of DNase and DTT treatment on P. aeruginosa biofilms. Together these data sug-
gest that biofilm disruption alone is insufficient to consistently reduce biofilm h* to that
of water, which would, in theory, contribute to improved clearance. Further work is
needed to characterize the relationship between biofilm viscoelasticity and mucociliary
clearance. Also, less cytotoxic reducing agents must be evaluated to better understand
the impact of disulfide bond reduction between mucins in mucus-grown biofilms.

In summary, the predominant contributor to biofilm rheology was overall mucus
concentration. The presence of DNA in mucus is associated with greater mucus viscoe-
lasticity but not necessarily increased biofilm mechanical strength. Decreasing the con-
centration of airway mucus in CF patients may help prevent the establishment of
chronic respiratory infections. Regardless of the DNA concentration in mucus, P. aerugi-
nosa biofilm microrheology was reduced by DNase and DTT treatments, though bulk
h* increased with biofilm disruption. Thus, treatments that target both eDNA and
other EPS interactions may be superior antibiofilm agents for CF respiratory infection,
though polymer degradation alone may be insufficient for biofilm eradication. Biofilm
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mechanical strength has previously been associated with susceptibility to antibiotics
(2, 11, 18). As both DNase and DTT are capable of physically degrading P. aeruginosa
biofilms, their concomitant use with an antibacterial agent may facilitate superior bio-
film eradication. Additionally, physical degradation of the biofilm may assist the host
immune response in clearing the biofilm via phagocytosis or other clearance mecha-
nisms. To prevent chronic infection, the modulation of mucus concentration will be criti-
cal. However, once chronic infection is established, physical biofilm disruption in combi-
nation with mucus hydration and mucolysis will promote eradication and clearance.
Future work will investigate the combination of biofilm degradation and antibacterial
action using antibacterial agents that are effective regardless of bacteria metabolism
and evaluate mucociliary transport rates with treatment.

MATERIALS ANDMETHODS
Materials. All materials were used as received unless otherwise specified. Fluorescent 1 mm carboxy-

lated latex beads (FluoSpheres, Invitrogen), TSB, tryptic soy agar (TSA), porcine gastric mucins (PGM,
M1778), salmon sperm DNA (D1626), DNase, and DTT were purchased from Millipore Sigma. The P. aerugi-
nosa strain PAO1 was obtained from the American Type Culture Collection (Manassas, VA), ATCC #15692.

Biofilm growth in nutrient broth and treatment. TSB was inoculated with P. aeruginosa strain
PAO1 frozen stock and cultured overnight. The overnight culture was resuspended in fresh TSB and cul-
tured at 37°C to an OD600 of 0.25. Bacteria were further diluted in fresh TSB to a final concentration of
106 CFU/mL, and 150 mL of this solution was added to the wells of a 96-well plate. The well plate was
sealed with parafilm and incubated with shaking at 37°C for 3 days until a viscous macrocolony formed
as previously described (40). TSB was also supplemented with porcine gastric mucins (PGM, 5 mg/mL)
and salmon sperm DNA (4 mg/mL), either alone or in combination to match concentrations used in arti-
ficial sputum media (ASM) (41). The biofilm (50 mL) was removed from growth media and added to a
microcentrifuge tube prior to treatment or analysis using a positive pressure pipette as previously
described (18). Dissolved DNase in PBS was added in a volume of 5 mL or less into the center of the bio-
film to final concentrations ranging from 10 to 1,000 mg/mL. Microcentrifuge tubes were incubated with
shaking at 37°C for 24 h prior to analysis.

Mucus preparation and biofilm growth. Human airway epithelial cells were obtained by the Marsico
Lung Institute Tissue Procurement and Cell Culture Facility and cultured at the air-liquid interface as previ-
ously described (16). Mucus washings were collected, pooled, and dialyzed. Total % solids was determined
via dry weight calculations, and mucin content was quantified with refractometry. Mucus (100 mL) was
added to a 96 well-plate and inoculated with P. aeruginosa to a final concentration of 106 CFU/mL. For
PTMR experiments, 2 mL of carboxylated latex beads at a 1:10 dilution from stock was added (18).
Adjacent wells were filled with 200mL distilled water to prevent evaporation, and the lid was sealed to the
plate with parafilm. The sealed well plate was incubated with shaking at 37°C for 24 h until a visible, vis-
cous microcolony formed at the air-liquid interface as previously described.(5, 9, 18, 42) The biofilm (50
mL) was removed from growth media and added to a microcentrifuge tube prior to treatment or analysis.
Biofilms were treated with DNase or DTT in concentrations ranging from 10 to 1,500mg/mL.

Rheology. Macrorheology was performed using a 20-mm 1° cone and plate rheometer and fre-
quency sweeps as previously described (18). Particle tracking microrheology was performed with 1 mm
carboxylated latex beads and video microscopy as previously described (18, 28). All measurements were
repeated in biological duplicate with five technical replicates, and data are reported as the mean 6
standard deviation. All values of frequency-dependent parameters are given as a single value from a fre-
quency sweep assay with the value reported corresponding to the measured response at 1 Hz.

Statistics. Each measurement was repeated $3 times per sample. Mucus samples were separately
prepared and analyzed. Biofilm samples were grown on different days using a fresh overnight solution.
Data are presented as the mean and standard deviation. Statistical significance from macrorheology
experiments was determined using a two-tailed Student’s t test. Statistical significance from PTMR
experiments was determined using the Anderson-Darling test at 1 Hz.
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