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Abstract
Biofilms grow on various surfaces and in many different environments, a phenomenon that
constitutes major problems in industry and medicine. Despite their importance little is known
about the viscoelastic properties of biofilms and how these depend on the chemical
microenvironment. Here, we find that the mechanical properties of Pseudomonas aeruginosa
(P.a.) biofilms are highly robust towards chemical perturbations. Specifically, we observe that P.a.
biofilms are able to fully regain their initial stiffness after yielding is enforced, even in the
presence of chemicals. Moreover, only trivalent ions and citric acid significantly affect the biofilm
elasticity, the first of which also alter the texture of the material. Finally, our results indicate that
biofilm mechanics and bacteria viability inside the biofilm are not necessarily linked which
suggests that targeting bacteria alone might not be sufficient for biofilm removal strategies.

Introduction
Biofilms have been defined as a community of microbes that adhere to each other and/or to
a surface1, 2. Biofilm architecture is provided by extracellular polymeric substances (EPS), a
mix of polysaccharides, proteins, lipids, and nucleic acids3–5. The EPS embeds cells (Fig.
1A), makes up to 50–90% of the total organic material in biofilms6 and provides increased
resistance to antibiotics and environmental stress7. Biofilms are materials with intriguing
properties: they are stable towards external mechanical forces as imposed by, for example,
flowing water or peristaltic, which presumably causes constant and major reorganization of
the biofilm structure. At the same time, they provide a sufficiently soft and loose
environment that accommodates bacteria movement or proliferation within8. Accordingly,
the viscoelastic properties of biofilms must be carefully balanced and – once established –
need to be quite robust against external perturbations to sustain efficient biofilm growth.
Although often exposed to mechanical shear forces, biofilms are able to grow on a wide
variety of surfaces, causing problems in industry9–11. Furthermore, biofilms are involved in
numerous human infections and diseases, and they can contaminate foreign body
materials12. Biofilms survive in many different environments, and their biophysical
properties can vary significantly between different biofilm types, and also during biofilm
maturation13.

Despite their importance, little is known about the biophysical properties that render
biofilms so versatile and sturdy. A suitable model organism that forms biofilms on various
surfaces is Pseudomonas aeruginosa (P.a.), a human opportunistic pathogen, which can
colonize the mucus of cystic fibrosis patients, catheters, and contact lenses14–16. Here, we
probe the viscoelastic properties of Pseudomonas biofilms and ask to what extent they are
influenced by external chemical stimuli and large shear forces. We demonstrate that these
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biofilms show a remarkable viscoelastic behavior, which allows them to fully regain their
initial stiffness after yielding is enforced. Surprisingly, this recovery process is highly robust
towards chemical perturbations such as ions, polyelectrolytes, organic molecules, or pH
changes. Furthermore, we observe that among these chemicals trivalent ions such as Fe(III)
and Al3+, but not divalent ions, significantly enhance the biofilm elasticity and alter the
texture of the material as well. Conversely, we identify citric acid as a potent fluidization
agent for pre-formed biofilms. Last, these effects appear to be a more generic biofilm
property as they are not limited to the Pseudomonas aeruginosa wild type but also apply to
five other Pseudomonas variants.

Results
1. A Pseudomonas aeruginosa biofilm can be treated as a viscoelastic material with
defined mechanical properties

We first ask if P.a. biofilms can be treated like any other polymer-based substance with
well-defined material properties. These material properties typically combine elastic and
viscous aspects which are parameterized by the viscoelastic moduli, the storage modulus G’
(f) and the loss modulus G”(f). The storage modulus describes the elastic properties of the
material while the loss modulus represents its viscous properties. The viscoelastic response
of a polymer based material depends on the time scale of an applied deformation. Therefore,
viscoelastic moduli are typically determined over a broad range of frequencies.

We observe that in the linear response regime, i.e. at small deformations (corresponding to
torques ~1 µNm), the viscoelastic frequency spectrum of a P.a. biofilm exhibits two distinct
regimes (Fig. 1B). At high frequencies, i.e. above ~30 Hz, the loss modulus seems to
dominate over the storage modulus. In analogy to many other polymer networks17, this
could indicate that in this regime, the viscoelastic response of P.a. biofilms is dictated by the
properties of individual biofilm polymers. At lower frequencies, i.e. below 10 Hz, the
storage modulus G’(f) dominates (Fig. 1B). At these time scales, the material displays a
collective response to external mechanical stimuli and thus behaves predominantly as an
elastic material. Furthermore, in this regime both moduli are relatively independent of
frequency. The observed plateau allows us to subsume the linear biofilm properties into a
single material constant, the plateau modulus G0. For simplicity, G0 = G’(1 Hz) will be used
as a typical biofilm elasticity value for the remainder of this article. We note that the plateau
moduli of P.a. biofilms from distinct growth batches show relatively low variation in their
absolute values, i.e. 〈G0〉 = (2.0 ± 0.9) kPa as obtained from N = 20 different growth
batches. In combination, these findings suggest that despite their biological and structural
complexity, P.a. biofilms can indeed be treated as a viscoelastic material with well-defined
properties.

2. Pseudomonas aeruginosa biofilms yield at high deformations but are able to fully regain
their initial stiffness

In their natural environment, biofilms are often exposed to large forces as, for example,
created by shear flow in tubes or pipes. At high forces, Hooke’s law does not apply anymore
and the viscoelastic response of polymer materials becomes non-linear until the material
finally yields18–20. Thus, we next probe the mechanical response of P.a. biofilms in the non-
linear regime, i.e. at high deformations. We apply a constant shear rate of dγ/dt = 12.5%/s to
the P.a. biofilm and measure its resulting stress state σ. From the corresponding smoothed
stress-strain relation the tangent modulus K = dσ/dγ is calculated, which is a suitable
parameter for describing the stiffness of biopolymer networks in the non-liner regime21. At
small deformations, we observe a highly similar elasticity value as obtained from the linear
frequency spectrum. However, above a critical deformation, i.e. around a few percent, the
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biofilm elasticity starts to drop by more than three orders of magnitude (Fig. 1C), which we
refer to as yielding. After such a drastic yielding event one might expect that the material
properties of the P.a. biofilm would be significantly and permanently altered. Yet, the
opposite behavior is observed here: if biofilms are left undisturbed for a few minutes, they
fully recover and their viscoelastic frequency spectra almost perfectly match the initial
conditions, i.e. before the yielding step was conducted (Fig. 1D, Fig. 1B).

3. Pseudomonas aeruginosa biofilms are robust towards many chemical perturbations
The biofilms investigated so far have been grown on standard LB-agar. However, in their
natural environment, be it either in the human body or in pipes, tubes, and catheters, P.a.
biofilms encounter various chemical conditions. We now aim to quantify the influence of
different chemicals on the viscoelastic properties of P.a. biofilms. We choose a spectrum of
chemical agents that was suggested to affect biofilm properties such as growth or
development. The tested molecules and sample conditions range from mono- and divalent
ions, polyelectrolytes and distinct pH levels to potential nutrients and are listed in table 1.
We add 5% (v/w) of a certain chemical agent to the P.a. biofilm, which is then gently stirred
with a pipette tip to homogenize the sample. As a control, we first test the impact of adding
5% (v/w) water to the biofilm. This procedure entails a softening of the material by ~40%
which is significant but still a relatively weak effect as its magnitude is comparable to the
variation in biofilm elasticities between different growth batches. We use this value as a
base line for all further experiments (dashed line in Fig. 2A).

Next, we analyze P.a. biofilms that have been challenged with different chemical agents
(Fig. 2A). Surprisingly, our screen does not return major changes in the biofilm elasticity for
most of the conditions tested. However, we observe that citric acid is highly potent in further
fluidizing the biofilm compared to treatment with water alone, as 250 mM citric acid
reduces the biofilm elasticity by almost 99.5%. In contrast, the addition of 150 mM Fe(III)
balances the softening invoked by the dilution with water and induces a strong fortification
effect, i.e. a ~500fold increase in the biofilm elasticity G0. This fortification effect of Fe(III)
can be countered by adding citric acid together with the Fe(III) ions (Fig. 3C). This indicates
that Fe(III) and citric acid either act antagonistically or form an inactive complex that does
not affect the biofilm elasticity anymore. A similar enhancement of the biofilm elasticity as
observed for Fe(III), albeit less pronounced, can be achieved by the addition of aluminum
sulfate, which also forms trivalent ions (Al3+) in aqueous solutions. Strikingly, iron ions in
their reduced form, Fe(II), as well as other divalent ions such as Ca2+ and Cu2+ have the
opposite effect and cause a slight but significant weakening of the biofilm elasticity
compared to the addition of water alone (Fig. 2A).

Together with increasing the elasticity of the biofilm, we observe that both Fe(III) and Al3+

also change the texture of the P.a. biofilm. With both substances, the material acquires a
more granular, sand-like quality (Fig. 3A). In contrast, divalent ions such as Ca2+ do not
induce such an alteration in the biofilm texture, which is consistent with our rheological
results. It is important to note that the change in biofilm texture forms immediately when the
ions are mixed into the biofilm. This indicates that this change in biofilm morphology
probably does not require a metabolic response from the bacteria within the biofilm. Instead,
the external chemical stimulus seems to directly act on the biofilm polymers or on their
interaction with the bacteria.

We next test if the alterations in biofilm elasticity induced by the addition of certain
chemicals are due to an antimicrobial effect of these chemicals. For this purpose, we
determine the survival rate of bacteria embedded in the biofilm by challenging them with
different chemicals (see Methods). By normalizing the number of bacterial colonies to that
from chemically unchallenged biofilm material we determine the bacterial survival rate for
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each chemical modification. We observe that 250 mM citric acid, 1 mg/mL ofloxacin and
5% (v/w) bleach reduce the bacterial viability by >95% whereas all other chemicals show
only weak or no effects (Fig. 2C). It is important to recall that neither ofloxacin nor bleach
had a significant influence on the elasticity of P.a. biofilms. This demonstrates that bacteria
viability and biofilm mechanics are not necessarily linked. For comparison, citric acid not
only substantially fluidizes the biofilm material but has also a strong anti-microbial effect on
the bacteria inside the biofilm matrix.

In a biofilm, bacteria interact with the biofilm polymers, which in turn might also bind to
each other. The remarkable self-healing properties of the biofilm as observed in Fig. 1D
suggest that most of these interconnections as well as the interactions between bacteria and
biofilm polymers are transient and can thus be easily reestablished once they are ruptured.
These transient polymer-polymer or polymer-bacteria interactions, in turn, might offer
various possibilities to interfere with the biofilm integrity by chemical perturbations. Thus,
we next aim to screen the influence of the same chemical perturbations on the self-mending
properties of P.a. biofilms. To quantify the degree of mechanical recovery we determine the
ratio of the P.a. biofilm elasticity G0 before and after yielding. As depicted in Fig. 2B, none
of the conditions tested can suppress or even significantly weaken the self-mending abilities
of P.a. biofilms. This robustness of the biofilm is startling and underlines its resistance
towards mechanical or chemical removal. However, as depicted in Fig. 3B, in the presence
of 150 mM Al3+ or Fe(III), i.e. with increasing biofilm stiffness, the time required for
complete recovery increases from ~20 s (w/o added chemical) up to ~1 min.

4. Other Pseudomonas biofilms show similar properties as Pseudomonas aeruginosa
biofilms

Last, we test if the mechanical robustness observed for Pseudomonas aeruginosa PAO1
biofilms also applies to other Pseudomonas strains. We first examine a Pseudomonas
aeruginosa strain (P.a. CF224) that has been isolated from the mucosal surface of a cystic
fibrosis patient, and two P.a. mutants for which the expression level of alginate, a
component of the EPS, is altered (P.a. ΔalgD and P.a. mucA22). Furthermore, we also study
biofilms formed by two different Pseudomonas species, P. fluorescens and P. putida. All
these strains are listed in table 2. The immediate formation of a granular texture after
exposure to Fe(III) is observable for all Pseudomonas strains (data not shown), similar to
what we show for the PAO1 strain in Fig. 3A. In addition, all Pseudomonas strains also
show a pronounced fortification in their elastic moduli in the presence of 150 mM Fe(III)
and a significant fluidization in presence of 250 mM citric acid (Fig. 4A). Yet, all
Pseudomonas variants tested here are able to fully recover their initial stiffness after yielding
is enforced, both in the absence (data not shown) and presence of 150 mM Fe(III) and 250
mM citric acid, respectively (Fig. 4B). Moreover, we find that citric acid reduces the
viability of biofilm bacteria by >95% for all Pseudomonas variants (Fig. 4C) similar to what
we find for PAO1 in Fig. 2C. In conclusion, all major effects we describe for the PAO1
strain can also be identified for five other Pseudomonas strains.

Summary and discussion
In this study, we aimed at characterizing the viscoelastic properites of Pseudomonas
aeruginosa biofilms and their response to chemical treatment and large shear forces. We
find that biofilms from various Pseudomonas strains are able to efficiently recover from
mechanical damage. One implication of this observation is that, high shear forces, as they
for example occur in water pipes, might transiently fragment biofilms22, 23, however, these
biofilm fragments could fuse with neighboring biofilm parts and will thereby be dispersed
rather than removed.
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Moreover, we find that the viscoelastic properties of PAO1 biofilms remain unchanged for
most of the treatments tested here. This information is relevant for biofilm removal
strategies, which employ mechanical force, the use of chemicals, or a combination of both.
As we show here, even if the viscoelastic properties of biofilms might sometimes be
sensitive towards certain chemicals24–26, their recovery abilities are slowed down at best.
This demonstrates the urgent need to identify and/or develop new chemical agents for
biofilm removal.

For such an endeavor, it is a priori not clear, which biofilm component is the most promising
target. One strategy might be to reduce bacterial viability inside the biofilm matrix.
However, our results indicate that, whereas some chemicals kill most bacteria inside a
biofilm matrix, the material properties of the biofilm may nevertheless remain unharmed.
Thus, the remaining biofilm layer could serve as a “hibernation” site for a few surviving
bacteria which would lead to a continuation of biofilm growth once the chemical challenge
subsides.

Another possibility could be to target certain biopolymers in the EPS. Some studies suggest
that alginate is a key component of the EPS and a good model system for understanding the
viscoelastic properties of bacterial biofilms24, 27. Indeed, the viscosity of alginate gels
increases with increasing Fe(III) concentrations28, which is in qualitative agreement with
our results. However, the viscoelasticity of alginate gels can also be enhanced by Ca2+

ions27, which is qualitatively different from what we observe here for PAO1 biofilms.
Furthermore, our results on the ΔalgD mutant, which lacks the expression of alginate,
demonstrate that alginate is not sufficient to explain the mechanical properties of PAO1
biofilms. This conclusion would also be consistent with the recent finding that the structural
profiles and antibiotic-resistance of wild-type PAO1 and ΔalgD mutant biofilms are
identical29.

Upon addition of trivalent ions such as Fe(III) or Al3+ we have observed the immediate
formation of a granular structure in Pseudomonas biofilms. A similar aggregation event has
been described before as “bioflocculation” and was suggested to arise from interactions
between trivalent ions such as Fe(III) and negatively charged groups in the EPS of
sludge30, 31. Fe(III) can form complexes with citric acid, and indeed we find here that a
simultaneous application of Fe(III) and citric acid does not change the biofilm mechanics.
One might speculate that, in the absence of citric acid or other iron chelating agents, Fe(III)
ions form similar complexes with certain biofilm biopolymers, leading to a local aggregation
of biofilm material.

Here, we have identified citric acid to be both a potent fluidization agent and antimicrobial
chemical for various pre-formed Pseudomonas biofilms. It remains to be shown if this anti-
biofilm activity of citric acid also extends to other biofilm forming bacteria. We speculate
that the effectiveness of other antimicrobial agents could be enhanced when the biofilm
stability is weakened by, for example, citric acid.

Material and methods
Strains and growth conditions

In this study, biofilms formed by different bacterial strains are characterized. The biological
characteristics of these strains are listed in table 1. All strains were first grown in liquid
Luria Bertani (LB) medium for 16 hrs at 37 °C for P. aeruginosa and at 30 °C for both P.
fluorescens and P. putida. The bacteria solutions were then diluted and plated on LB media
containing 1.5% agar. At high cellular density a structured slimy community (a “biofilm”)
was formed after 2 days of incubation at 37 °C – similarly to what has been described
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previously32. P. fluorescens and P. putida were grown in the same conditions as described
above but at 30 °C.

Rheometry
Rheological measurements were performed using a commercial rheometer (AR-G2, TA
instruments, New Castle, USA) with a 20 mm plate-plate geometry and 300 µm plate
separation in strain-controlled mode. Biofilms were collected from agar plates by gentle
scraping similar to what has been described in ref. 33. After collecting, the biofilm material
was pooled, transferred into tubes, and then loaded into the rheometer. Rheological
measurements were conducted at 22 °C. Frequency spectra are obtained using small torques
(~ 1 µNm) to guarantee linear response. For non-linear measurements (yielding tests) a
constant shear rate of 12.5%/s was applied for 8 s and the resulting stress-strain relation was
analyzed. After rupture, samples were left undisturbed for 4 min to allow for recovery
before their elasticity was probed again by another frequency sweep. The experimental
errors for these rheological measurement are small (< 10%) as confirmed by multiple
frequency sweep measurements on the same sample. To analyze the effect of chemicals on
the viscoelastic properties of the biofilms, the samples were transferred to a sterile tube and
weighed. Chemical modifications were performed by adding 5% (v/w) of a certain chemical
to the sample and gentle mixing with a pipette-tip. We prepared our chemical stock solutions
at as high concentrations as possible to maximize putative effects. All chemicals were
incubated with the biofilm for one hour before their effect on the viscoelastic properties of
the biofilm were analyzed by rheometry.

Biofilm imaging and viability assay
For biofilm imaging, a SteREO Lumar V12 microscope (Zeiss) equipped with a NeoLumar
S 0.8× objective was used. Pseudomonas aeruginosa was grown as described previously and
the biofilm was then collected onto a plastic plate. Before imaging, a drop of either water or
of a solution of CaCl2, Al2(SO4)3 or FeCl3 was spotted in the middle of the specimen and
gently mixed into the biofilm using a pipette tip.

For testing bacterial viability, scraped biofilm material was challenged with different
chemicals for ~1 h, then serially diluted in combination with bead bashing and vortexing,
and plated onto LB agar. After incubation over night, the number of colony forming units
were counted and compared to those from unchallenged biofilms that were diluted and
plated the same way.
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Figure 1.
(A) Schematic representation of a bacterial biofilm. Bacteria grow in distinct localized
colonies and secrete extracellular polymers that create a 3-dimensional scaffold around
them. (B) The linear viscoelastic response of a P.a. biofilm is determined over a broad range
of frequencies. We compare the viscoelastic response before and 4 min after the biofilm was
forced to yield. The elastic modulus G’(f) is depicted by closed symbols and full lines, the
viscous modulus G”(f) is depicted by open symbols and dashed lines. (C) Mechanical
response of a P.a. biofilm at large deformations. Beyond a critical deformation the biofilm
yields and its apparent stiffness is decreased by more than three orders of magnitude. (D)
Schematic representation of the rupture/recovery process as shown in detail in (B) and (C).
The depicted stiffness values are taken from graphs (B) and (C).
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Figure 2.
Influence of different chemical environments on the properties of P.a. biofilms. (A) Among
all listed conditions, mainly the addition of Fe(III), Al3+ or citric acid significantly alters the
elasticity of the biofilm. The dashed base line indicates the elasticity of a P.a. biofilm
modified with 5% (v/w) water only. (B) For all conditions tested in this study, the biofilm
shows an almost complete recovery after mechanical yielding. (C) Survival rate of P.a.
bacteria as determined from serial dilutions of biofilms that have been challenged with
different chemicals. With our experimental conditions, mainly citric acid, ofloxacin and
bleach significantly reduce bacteria viability. All measurements are performed in duplicates,
the error bars denote the error of the mean.
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Figure 3.
Response of Pseudomonas aeruginosa biofilms to trivalent ions. (A) Texture of collected
P.a. biofilms after a drop of a chemical solution is added to the center of the biofilm and
distributed by gentle stirring. 250 mM Ca2+ ions do not alter the biofilm texture compared to
the control, whereas 150 mM Fe(III) and 150 mM Al3+ evoke a granular, sand-like texture.
The scale bars denote 2 mm. (B) The speed of the mechanical recovery process of P.a.
biofilms depends on the biofilm elasticity. PAO1 biofilms without any chemical additions
fully recover within ~20 s after yielding. This recovery time increases up to ~1min if the
biofilm is treated with 150 mM Al3+ or Fe(III), respectively. (C) Fe(III) and citric acid act
antagonistically and inhibit each other. For all data shown, 5% (v/w) of an aqueous solution
containing different amounts of chemicals were added to the biofilm material. The dashed
base line indicates the elasticity of a P.a. biofilm modified with 5% (v/w) water only.
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Figure 4.
Response of other Pseudomonas biofilms to chemical and mechanical treatment. (A) The
fortification and weakening effects of Fe(III) and citric acid observed for Pseudomonas
aeruginosa can also be identified for other Pseudomonas strains, yet at different efficiencies.
(B) Almost full mechanical recovery after yielding is also observed for those other
Pseudomonas strains, even in the presence of Fe(III) and citric acid. Measurements are
performed in duplicates, the error bars denote the error of the mean. (C) Survival rate of
different Pseudomonas bacteria as determined from serial dilutions of biofilms that have
been challenged with 250 mM citric acid. In all cases, the bacteria viability is efficiently
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reduced. All measurements are performed in duplicates, the error bars denote the error of the
mean. Bars labelled with a ‘*’ represent survival rates that are smaller than 1%.
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Table 1

List of chemicals used in this study and summary of their effects on P.a. biofilms

Chemical Mode of action Effect on
elasticity *

Effect on
recovery

Effect on
viability **

NaCl osmotic stress inducer, inhibitor of biofilm formation34 NO NO NO

KH2PO4 osmotic stress inducer NO NO NO

CaCl2 regulator of alginate gel elasticity35 NO NO NO

CuSO4 bactericidal36, inhibitor of normal biofilm growth36 NO NO NO

FeCl2 non-metabolizable analog of FeCl3 − NO NO

FeCl3 necessary metabolite of bacterial growth37 +++ NO NO

Al2(SO4)3 trivalent ion, control for Fe(III) +++ NO NO

pH control for pH changes induced by other chemicals NO NO NO

Salicylic acid quorum sensing inhibitor38 NO NO NO

Citric acid ion chelating agent, putative biofilm removal agent39, antimicrobial agent40, 41 − − NO YES

EDTA ion chelating agent, putative biofilm removal agent39, inhibitor of biofilm
formation42

− NO NO

EGTA calcium chelating agent − NO NO

Lactoferrin iron chelating protein, antimicrobial43 NO NO NO

Spermidine polyelectrolyte NO NO NO

Gentamycin bactericidal: disrupts protein synthesis NO NO NO

Colistin bactericidal: disrupts the integrity of bacterial outer membrane NO NO NO

Ofloxacin bactericidal: disrupts separation of replicated DNA NO NO YES

Amylase enzyme present in the oral cavity NO NO NO

Ethanol antimicrobial agent NO NO NO

Triton detergent NO NO NO

Bleach antimicrobial agent NO NO YES

Glucose nutrient NO NO NO

Urea potential biofilm removal agent39 NO NO NO

Xylitol disrupts biofilm function43 NO NO NO

Hexandiol interferes with hydrophobic interactions NO NO NO

*
chemicals with a weakening effect (reduction of biofilms stiffness by ~90%) are marked with (−); chemicals with a strong weakening effect

(reduction of biofilm stiffness by ~99 %) are marked with (− −); chemicals inducing a fortification effect are marked with (+); we only detect very
strong fortification effects and those are marked as (+++) accordingly

**
chemicals are defined effective if they reduce bacterial viability by more than 95%
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Table 2

List of bacterial strains used for this study

Bacterial strain Characteristics Described in

P. aeruginosa PAO1 wound isolate reference 44

P. aeruginosa CF224 cystic fibrosis isolate –

P. aeruginosa ΔalgD mutant unable to produce alginate reference 45

P. aeruginosa mucA22 mucoid mutant reference 45

P. fluorescens PFO1 soil isolate reference 46

P. putida KT2440 soil isolate reference 47
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