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The viscoelastic properties of mono-microbial bio-
films produced by ocular and reference staphylococ-
cal strains were investigated. The microorganisms
were characterized for their haemolytic activity and
agr typing and the biofilms, grown on stainless steel
surface under static conditions, were analysed by
Confocal Laser Scanning Microscopy. Static and
dynamic rheometric tests were carried out to deter-
mine the steady-flow viscosity and the elastic and
viscous moduli. The analysed biofilms showed the
typical time-dependent behaviour of viscoelastic
materials with considerable elasticity and mechanical
stability except for Staphylococcus aureus ATCC
29213 biofilm which showed a very fragile structure.
In particular, S. aureus 6ME biofilm was more
compact than other staphylococcal biofilms studied
with a yield stress ranging between 2 and 3 Pa. The
data obtained in this work could represent a starting
point for developing new therapeutic strategies
against biofilm-associated infections, such as
improving the drug effect by associating an antimi-
crobial agent with a biofilm viscoelasticity modifier.

Introduction

Biofilms may be considered as an ancestral selective
event used by prokaryotes to adapt themselves in every

environmental niche. In this way, microorganisms can
survive to the external challenges including nutritional
deprivation and environmental stress (Donlan and Cos-
terton, 2002). The ‘free multicellularity’ can be considered,
for the bacterial population, as the best programme of
survival in stressed conditions (Branda and Kolter, 2004).
Bacterial biofilms are able to display tolerance to host
defences and antibiotic therapies. The clinical relevance
of these microbial communities is related to their wide
spread in the developed world together with the significant
difficulties in their eradications (Mah and O’Toole, 2001;
Lewis, 2005). Bacterial biofilms can be also defined as
highly porous polymeric gels containing microorganisms,
nucleic acids, proteins, extracellular polymeric sub-
stances (EPS) and water (Sutherland, 2001; Wloka et al.,
2004). The typical components of EPS, such as alginate,
gellan and xanthan, form a highly hydrated viscoelastic
gel that provides strong mechanical stability and protects
the microorganisms from desiccation and antimicrobial
agents (Stoodley et al., 1999; Klapper et al., 2002).
Indeed, recent studies have demonstrated the ability of
biofilms to adapt themselves to changeable environmen-
tal shear stresses (Flemming et al., 2000). In addition, the
dual nature of the viscoelastic properties of in vitro grown
biofilms explains biofilm robustness: the elastic compo-
nent absorbs stress energy through reversible deforma-
tion, while viscous flow overcomes internal stress by non-
reversible strain (Stoodley et al., 1999; Flemming et al.,
2000; Korstgens et al., 2001; Shaw et al., 2004).

Staphylococci are important nosocomial pathogens:
Staphylococcus aureus and Staphylococcus epidermidis
have evolved to become highly adaptable human patho-
gens. Many staphylococcal infections result in acute
disease; however, bacterial persistence and recurrent
infections are also commonly observed among patients
with indwelling medical devices, and the increasing use of
such devices produced an increase in staphylococcal
device-related infection, in particular trough the biofilm
formation (Fitzpatrick et al., 2005).

The ability to form biofilms contributes significantly to
the pathogenesis of many S. aureus and S. epidermidis
infections, including a variety of ocular diseases often
associated with the biofilm formation on foreign materials
such as contact lenses, scleral buckles and intraocular
lenses which adhered to eye (Catalanotti et al., 2005;
Okajima et al., 2006; Nostro et al., 2007).
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The aim of this work was to evaluate the viscoelastic
properties of the biofilms, grown under static conditions,
of two ocular S. aureus (6ME and 815CT) derived from
patients with community-acquired ocular infections, and
of two reference strains, S. aureus ATCC 29213 and S.
epidermidis ATCC 35984. The examined bacteria, previ-
ously characterized for the icaA/icaD gene presence, the
Congo red assay and the capability of forming biofilm on
polystyrene surface (Blanco et al., 2005), were analysed
for their haemolytic activity, the agr typing, and the formed
biofilms, were observed by Confocal Laser Scanning
Microscopy (CLSM). A cone/plate rheometer was used to
measure the viscoelastic properties of these staphylococ-
cal biofilms produced. This technique affords precise
monitoring of shear stress and strain acting on the sample
(Towler et al., 2003) and provide the opportunity of con-
ducting both static and dynamic tests.

Results and discussion

The four strains investigated, evaluated for their
haemolytic activity and agr system (Fig. 1A and B), corre-
lated with a background of biofilm producer microorgan-
isms (Cafiso et al., 2007; Yarwood et al., 2007). The biofilm
developed by these bacteria was characterized by CLSM
observations by using the COMSTAT image analysis soft-
ware (Table 1). In particular, S. aureusATCC 29213 biofilm
(Fig. 1C, row 1) displayed a homogeneous structure
(roughness coefficient = 0.63 � 0.44) which reached an
average thickness of 20.31 � 8.26 mm. Staphylococcus

aureus 6ME formed the most compact biofilm of the
studied bacteria, with a biomass of 5.23 � 1.97 (Fig. 1C,
row 2). Staphylococcus aureus 815CT and S. epidermidis
ATCC 35984 biofilms (Fig. 1C, rows 3 and 4 respectively)
were characterized by more heterogeneous structures
(roughness coefficient = 1.09 � 0.25, 1.25 � 0.12 respec-
tively) than the biofilms formed by the other strains exam-
ined, reaching an average thickness of 22.35 � 2.07 mm
and 44.65 � 12.4 respectively.

The rheological properties measured are shown in
Table 2. The S. aureus ATCC 29213 biofilm structure was
dispersed in PBS when the lowest shear stress was
imposed. In fact, both creep and oscillatory tests carried
out on this sample displayed water-like rheological prop-
erties. Probably the interaction forces between the biofilm
EPS polymeric constituents were very weak, so that the
biofilm structure was easily dispersed in the medium
when mechanically stressed. The biofilm disruption was
also confirmed by direct observation. CLSM images of S.
aureus ATCC 29213 biofilm showed a homogeneous
structure characterized by a great number of dead cells at
the bottom of the biofilm, suggesting that the water-like
rheological properties might be associated to an easier
biofilm detachment due to the low number of live adhered
cells. On the contrary, S. aureus 6ME formed a compact
biofilm constituted by a significant amount of live cells also
at the bottom of the structure supporting the hypothesis of
both a strong cellular adhesion to the surface and an
organized structure correlated to a strong viscoelastic
nature. Similar viscoelastic properties were shown by S.

Table 1. Biomass per unit area, roughness coefficient and average thickness of biofilms from Staphylococcus aureus ATCC 29213, S. aureus
6ME, S. aureus 815CT, Staphylococcus epidermidis ATCC 35984 (COMSTAT analysis).

Strain
Biomass per unit
area [mm3/(mm2)-1]

Roughness
coefficient

Average
thickness (mm)

S. aureus ATCC 29213 4.04 � 1.29a 0.63 � 0.44 20.31 � 8.26
S. aureus 6ME 5.23 � 1.97a 0.86 � 0.32 27.40 � 7.63
S. aureus 815CT 2.54 � 0.85 1.09 � 0.25 22.35 � 2.07
S. epidermidis ATCC 35984 2.49 � 0.87 1.25 � 0.12 44.65 � 12.4b

a. P < 0.05 compared with S. epidermidis ATCC 35984 and S. aureus 815CT.
b. P < 0.01 compared with S. aureus ATCC 29213, S. aureus 6ME and S. aureus 815CT.
For each strain studied, 24 z-stacks (six image stacks from two channels in two independent experiments) were studied. All the CLSM experiments
were performed in triplicate; standard deviation is shown.

Table 2. Rheological properties of Staphylococcus aureus and Staphylococcus epidermidis biofilms.

Strains h0 (Pa·s) Je0 (Pa-1) G ′ (Pa) G ″ (Pa) Yield stress
Elastic relaxation
time (l) (min)

S. aureus ATCC 29213 n.d. n.d. n.d. n.d. n.d. n.d.
S. aureus 6ME (2.1 � 1.7) ¥ 106a (5.9 � 4.1) ¥ 10-3a (2.1 � 0.9) ¥ 103a 72 � 57a 2.0–3.0 Pa 18.2 � 3.3
S. aureus 815CT (1.9 � 1.2) ¥ 105 (3.5 � 3.2) ¥ 10-2 (1.5 � 1.1) ¥ 102 11 � 9.9 0.1–0.5 Pa 17.5 � 3.1
S. epidermidis ATCC 35984 (46 � 5.0) ¥ 103 (5.9 � 3.8) ¥ 10-2 (4.5 � 4.4) ¥ 102 25 � 23 0.5–1.0 Pa 19.2 � 4.3

a. P < 0.1 compared with S. epidermidis ATCC 35984.
Values (�SD) are means of five experiments; each experiment was performed in triplicate.
n.d., not determined.
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Fig. 1. Characterization of staphylococcal
strains.
A. Tryptic Soy Blood Agar plates showing
strong b-haemolytic activity in S. aureus
ATCC 29213 and S. aureus 815CT (top and
down on left); strong and weak a-haemolytic
activity in S. aureus 6ME and S. epidermidis
ATCC 35984 respectively (top and down on
right).
B. Multiplex-PCR of agr genotype products of
S. aureus ATCC 29213 (lane 1), S. aureus
6ME (lane 2), S. aureus 815CT (lane 3), S.
epidermidis ATCC 35984 (lane 4); M indicates
the DNA molecular weight marker (0.1 kb).
For multiplex-PCR, two primer sets were
prepared: one to amplify agr S. aureus
alleles (agr 1–4sa) and another to amplify S.
epidermidis alleles (agr 1–3se). The sizes of
the identified allele products were 439 bp for
agr-1 and 575 bp for agr-2.
C. CLSM images of stacks, from left to right,
derived from one representative field taken
from biofilm of (1) S. aureus ATCC 29213, (2)
S. aureus 6ME, (3) S. aureus 815CT, (4) S.
epidermidis ATCC 35984 respectively. Each
sample was stained by using Live/Dead kit.
The biofilms were sectioned from the top to
the bottom. The two stain stock solutions
(SYTO 9 and propidium iodide) were added
the steel surface and the samples were
observed using a ZEISS LSM510 META
(Jena) confocal microscope, using the 488 nm
line from an argon ion laser and 535 nm band
pass emission filter. A Zeiss 40¥/1.3 oil and
10¥/0.3 numerical aperture objective was
used to collect all image stacks. Original
magnification, 400¥. Scale bar = 50 mm. The
table at the bottom of the figure summarizes
all the detected characteristics.

     Strains Source 
   Hemolytic 
     activity 

   agr 
 alleles 

Biofilm 
production 

no  weak  strong   1  2   3  4 

S. aureus 
ATCC 
29213 

American 
Type 

Culture 
Collection 

  -       -        + -  +    -   - +

S. aureus 
6ME 

Ocular 
swab

  -       -        +  +  -   -   - +

S. aureus 
815CT 

Ocular 
swab

  -       -        +  -  +   -   - +

S. epidermidis
ATCC 
35984 

American 
Type 

Culture 
Collection 

  -       +        -  +  -   -   - +

     M    1    2     3     4   M 

A B

C

575 bp 

439 bp 
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aureus 815CT and S. epidermidis ATCC 35984 although
the biofilms formed were more heterogeneous than the
one of S. aureus 6ME.

Staphylococcus aureus 6ME, S. aureus 815CT and S.
epidermidis ATCC 35984 biofilms displayed a viscoelastic
nature, as reported in the literature for biofilms of other
bacterial species (Stoodley et al., 1999; 2002; Korstgens
et al., 2001; Klapper et al., 2002; Shaw et al., 2004; Vino-
gradov et al., 2004; Rupp et al., 2005; Towler et al., 2007;
Yarwood et al., 2007). The creep and recovery curves of
these three staphylococcal biofilms showed the typical
time-dependent behaviour of viscoelastic materials. As an
example, the creep and recovery curves of S. aureus 6ME
are reported in Fig. 2A. The curves of the strain plotted
against time displayed five characteristic regions: (i) an
instantaneous elastic deformation, (ii) a retarded, time-
dependent deformation, (iii) a constant rate viscous flow
region, the linear portion of the graph (constant slope), (iv)

an instantaneous elastic recovery on removal of the shear
stress, and (v) a residual strain due to viscous flow (Vino-
gradov et al., 2004). The steady-flow viscosities η τ γ0 = �s

(where t is the applied stress and �γ s is the constant shear
rate reached at the steady state) were obtained from the
constant rate viscous flow region of the creep curves. The
constant slope of the linear portion of the curve of strain
versus time was extrapolated back to zero time, and the
intercept ge0 was divided by the applied stress t to get the
value of the so-called equilibrium compliance Je0, a
measure of the elasticity of viscoelastic materials at short
times (Barnes et al., 1989): high values of Je0 indicate a
high compliance of the sample to flow. It was observed
that the S. aureus 6ME biofilm linear viscoelastic range
(LVR) reached 2.0 Pa; indeed, its creep compliances
[J(t) = y(t)/t ] at 0.5, 1.0 and 2.0 Pa overlapped. Instead,
for t = 3.0 Pa, this biofilm showed a very high deformation
without overlapping the J(t) (Fig. 2B); this is a non-linear

Fig. 2. Representative rheological data of a S. aureus 6ME biofilm.
A. Creep and recovery. The five characteristic regions of the strain (g) versus time curve of a viscoelastic material are shown: (I) instantaneous
elastic strain, (II) delayed deformation, (III) steady-state viscous response, (IV) instantaneous elastic recovery and (V) residual strain.
B. Creep compliance curves at different t0 values. Up to shear stresses of 2 Pa (�, 0.5 Pa; D, 1.0 Pa; �, 2.0 Pa), the curves overlap
(linear response to shear); for 3 Pa (¥) there is a drastic increase of the creep compliance (yield stress exceeded).
C. Dynamic tests in the linear viscoelastic range (LVR) (¥, storage modulus G′; D, loss modulus G″; �, dynamic viscosity).
D. Oscillation-frequency-sweep test at 3.0 Pa.
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viscoelastic behaviour and then the LVR of the sample
does not go over 2 Pa. At the same time the creep defor-
mation observed for a shear stress of 3 Pa was totally
irreversible. This is synonymous of extreme modification
of the original structure of the sample, which does not
show any recovery and behaves like a viscous liquid. The
oscillation tests confirmed that the LVR of this biofilm
reached 2.0 Pa and that a stress of 3.0 Pa determined
non-linear viscoelastic behaviour and also a solid-like to
liquid-like transition. In fact, a perfect overlapping of the
oscillation-frequency-sweep test results could be
observed at very low deformation (0.1–0.25%), and at 0.5,
1.0 and 2.0 Pa (Fig. 2C), whereas the result at 3.0 Pa of
the oscillation-frequency-sweep tests did not overlap the
others and displayed a non-linear relationship between
the elastic (G′) and the viscous (G″) moduli and the fre-
quency (Fig. 2D). Moreover, for t = 3.0 Pa, the elastic
modulus G′ had a smaller value than that of the viscous
modulus G″, while up to 2.0 Pa, there was the typical
behaviour of stable elastic gels, with G′ > G″. This vis-
coelastic behaviour corresponded to a compact biofilm
characterized by a higher biomass value than the other
analysed biofilms. Creep analysis made it possible to
estimate an h0 mean value of 2.1 ¥ 106 (�1.7 ¥ 106) Pa·s,
and a Je0 mean value of 5.9 ¥ 10-3 (�4.1 ¥ 10-3) Pa-1,
while the oscillatory tests yielded a storage modulus
mean value of 2.1 ¥ 103 (�0.9 ¥ 103) Pa and a loss
modulus value of 72 (�57) Pa. Also the other two biofilms
analysed show a solid-like to liquid-like transition for a
certain value of shear stress. We indicate this sample-
characteristic value of shear stress as yield stress ty.
Staphylococcus aureus 815CT biofilm showed a yield
stress between 0.1 and 0.5 Pa (just above the LVR of the
sample), an h0 mean value of 1.9 ¥ 105 (�1.2 ¥ 105) Pa·s,
a G′ of 1.5 ¥ 102 (�1.1 ¥ 102) Pa and a G″ of 11 (�9.9)
Pa. The wide range of these values is not surprising, given
the high grade of variability in density and structures
previously reported in the literature on biofilms (Towler
et al., 2003; Laspidou and Aravas, 2007). Finally, for the
S. epidermidis ATCC 35984 biofilm, a linear viscoelastic
behaviour was observed only for small t values, not much
beyond 0.5 Pa. The creep tests conducted at a t of 1.0 Pa
showed a strain response dissimilar to that of a viscoelas-
tic material and characteristic for a viscous fluid, suggest-
ing that 1.0 Pa exceeded the yield point of the S.
epidermidis ATCC 35984 biofilm. The dynamic tests con-
firmed a transition phase between 0.5 and 1.0 Pa. The
creep tests determined an h0 value of 46 ¥ 103 (�5.0 ¥
103) Pa·s and a Je0 value of 5.9 ¥ 10-2 (�3.8 ¥ 10-2) Pa-1

while the oscillatory tests gave a G′ mean value of 4.5 ¥
102 (�4.4 ¥ 102) Pa and a G″ mean value of 25 (�23) Pa.

On the basis of our results, the biofilms of S. aureus
6ME, S. aureus 815CT and S. epidermidis ATCC 35984
can be considered gel systems with considerable elas-

ticity and mechanical stability. Their slime matrix might
behave as a physical barrier that blocks xenobiotic
access to the cells (de Carvalho, 2007). The knowledge
of the biofilm mechanical properties is of relevance,
especially in prosthetic devices, such as contact lenses,
catheters, and vascular and orthopaedic implants, in
which the bacterial biofilm can be subjected to shear
stresses that vary in magnitude and frequency (Stoodley
et al., 1999; Rupp et al., 2005). In particular, the staphy-
lococcal biofilm plays role in a variety of ocular infections
associated with materials used for the eye (Catalanotti
et al., 2005; Zegans et al., 2005; Okajima et al., 2006;
Duggirala et al., 2007), and an understanding of the
characteristics of these biofilms could help in the devel-
opment of new drug strategies in ophthalmology (Dug-
girala et al., 2007). Indeed, we tested intact biofilms
using dynamic methods in which shear stresses of
various moduli were oscillated at various frequencies. To
our knowledge, few experimental studies were carried
out for the determination of the physical properties of
attached biofilms and, in the present study, the vis-
coelasticity of biofilms, evaluated both by creep experi-
ments and by dynamic tests, provided more precise
measurements of the material characteristics. Rheom-
etry is a well-established technique for measuring
properties of viscoelastic samples and it has the advan-
tage that shear stresses and strain acting on the sample
are precisely monitored (Towler et al., 2003; Vinogradov
et al., 2004; Aravas and Laspidou, 2008). As previously
reported the biofilms produced in different laboratories
are greatly heterogeneous (Houari et al., 2008; Rogers
et al., 2008), but a commonality of the elastic relaxation
times (l, the time scale separating solid and fluid behav-
iour) of different biofilms can be observed (Shaw
et al., 2004). Indeed our measurements indicate that bio-
films elastic relaxation times are very similar, and a
value of about 18 min was observed for all the samples
(Table 2).

Recent years have seen an increase in ocular diseases
provoked by S. aureus and S. epidermidis biofilms and
the biofilm viscoelasticity analysed in this study empha-
sizes their important role in the ocular infection spreading
and in the resistance to detachment as previously dem-
onstrated by Rupp and colleagues (2005). These authors
showed that the viscoelastic behaviour of S. aureus
biofilm promotes the rolling migration and the dissemina-
tion of non-motile bacteria in a protected biofilm state
favouring the persistence of the infection.

Taken together, the observations collected in the
present study could represent a starting point for
developing new therapeutic strategies against biofilm-
associated infections, such as improving the drug effect
by associating an antimicrobial agent with a biofilm vis-
coelasticity modifier.
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Experimental procedures

Bacteria and biofilm preparation

Staphylococcus aureus ATCC 29213 (LGC), S. aureus 6ME,
S. aureus 815CT and S. epidermidis ATCC 35984 (LCG)
were the microorganisms used for the experiments. All bac-
teria were previously characterized for some biofilm-related
properties (Blanco et al., 2005). Strains were cultured on
Mannitol Salt Agar (MSA, Oxoid) at 37°C for 24–48 h, iden-
tified by Api-Staph System (Biomerieux) and stored at -20°C
until use.

For the biofilm preparation, a bacterial colony of each
examined microorganism, grown on MSA, was cultured over-
night at 37°C in Tryptic Soy Broth (TSB, Oxoid) plus 0.5%
glucose, then diluted 1:10 (v/v) in TSB plus 0.5% glucose and
incubated for 2 h at 37°C in an orbital shaker at 160 r.p.m.
Refreshed broth cultures were adjusted to 0.04–0.05 optical
density (OD600), corresponding to 0.9–1.3 ¥ 107 colony-
forming units (cfu) ml-1, and the total count was also con-
firmed using a Burker chamber (Fortuna). Broth cultures
diluted 1:100 (v/v) were used for preparing samples for CLSM
and rheometric analysis.

All the experiments were performed in triplicate.

Haemolytic activity

For the evaluation of the haemolytic activity of S. aureus and
S. epidermidis strains, 5 ml of refreshed broth cultures grown
in TSB, for 2 h at 37°C in an orbital shaker at 160 r.p.m. and
adjusted to 0.04–0.05 OD600, were spotted onto Tryptic Soy
Agar (TSA) plus 5% sheep sterile blood (BioMerieux) and
incubated for 48 h at 37°C, then chilled at 4°C for 1 h. Sub-
sequently, the no-haemolytic activity and the weak, normal or
strong haemolytic activities were evaluated (Goerke et al.,
2007).

agr genotyping by multiplex polymerase chain reaction

Bacterial DNA was extracted using QIAamp Tissue DNA iso-
lation Minikit and used as template for the specific detection
of agr alleles in S. aureus and S. epidermidis according to
Lina and colleagues (2003).

Polymerase chain reactions (PCRs) were performed in a
2700 Thermocycler (PE-Applied Biosystems) and the ampli-
fication reaction was performed in a total volume of 25 ml
containing 2.5 ml of 10¥ PCR buffer, 1.5 mM MgCl2, 200 mM
(each) deoxinucleotide triphosphates (dNTPs), 2 U of Ampli-
taq DNA polymerase, 20 mM of each primer and 50 ng of
bacterial DNA. After 5 min of denaturation at 95°C, each
reaction was amplified for 25 cycles as follows: 1 min at 94°C,
1 min of annealing at 58°C and 1 min at 72°C. After the last
cycle, the extension was continued for 10 min at 72°C. Each
oligonucleotide sequence used in this work was synthesized
by Primm. The PCR products were examined by electro-
phoresis in 2% (w/v) agarose gel at 100 V for 40 min. Gels
were stained with ethidium bromide and photographed.

All the experiments were performed in triplicate.

CLSM analysis

The CLSM images of 48 h biofilm grown on stainless steel
1.5 ¥ 2 ¥ 0.08 cm surfaces were evaluated by using the

COMSTAT image analysis software package (MathWorks,
Natick, MA, USA) (Heydorn et al., 2000). For each strain
studied, 24 z-stacks (six image stacks from two channels in
two independent experiments) were studied. The evaluation
of the differences statistically significant (P < 0.05) was per-
formed by means of ANOVA followed by Dunnett’s t-test.

All the CLSM experiments were performed three times with
similar results.

Rheometry methods

The viscoelastic properties of the samples were evaluated
using a Haake M.A.R.S. II Thermo Scientific modular rheom-
eter equipped with a cone and plate sensor system (Fig. 3).
The low non-rotating element that received the sample was a
stainless steel plate (Din No. 1.4841). The biofilms were grown
directly on the surface of the rheometer plate, in order to
preserve their structure intact. A stainless steel ring was fixed
around the edge of the device with 4% bacteriological agar
(Fig. 3A); the diluted broth culture (40 ml) was added to this
reactor and incubated at 37°C for 48 h. Then, the biofilm was
washed with sterile PBS to remove the planctonic cells. Before
placing the plate on the rheometer, the stainless steel ring was

Fig. 3. Rheometry equipment.
A. The rheometer measuring plate with a removable stainless steel
ring containing a bacterial biofilm.
B. Thermo Scientific modular rheometer with the plate (insert)
colonized with biofilm in testing mode.
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substituted with a glass ring sealed with 2% bacteriological
agar around the edge of the plate to allow visual inspection
during the measurements; the sample sandwiched between
the cone and the plate was surrounded by 2 ml of sterile PBS
at 37°C in order to prevent dehydration of the biofilm (Fig. 3B,
insert). In order to minimize the ‘squeezin G’ of water out of the
macropores and channels of the biofilm, the rate by which the
upper sensor reached the measurement position was con-
trolled so that the normal force acting on the sample did not
exceed the value of 0.1 N. The samples were allowed to
undergo an ‘adjustment’ period of 5 min after loading (Vino-
gradov et al., 2004). All tests were carried out at the controlled
temperature of 37 � 0.3°C, with the aid of a Haake Phoenix
Thermo Electron Corporation thermo-controller system. The
RheoWin software 3.61 (Thermo Fisher Scientific) was used
for data evaluation. Creep and recovery tests were performed,
applying a constant shear stress (t) for 300 s followed by a
300 s recovery period (t = 0); the resulting shear strain (g) was
measured over time (t). These tests were performed at several
different t (allowing the samples to undergo an adjustment
period of 300 s between each test), in order to identify the LVR
of the samples, where g was directly proportional to t. Dynamic
tests were carried out in order to estimate the elastic (G′) and
the viscous (G″) moduli of the biofilms, and for the determina-
tion of their LVR, the region characterized by stress-strain
linear proportionality and by constant values of the G′ and G″
moduli. A set of three oscillation frequency sweep tests at
strains of 0.100%, 0.125% and 0.250%, respectively, across a
frequency range from 0.1 to 10 Hz (previously identified as the
frequency range satisfying the linear viscoelasticity for all the
evaluated biofilms), was performed for each sample, and the
complex shear viscosity (h*), the elastic and the viscous
moduli were measured as a function of frequency. By sweep-
ing across the same frequency range, another series of oscil-
lation frequency sweep tests was performed in controlled
stress mode, for different values of stress. In our studies, the
dynamic approach was useful for confirming the LVR deter-
mined by the creep tests series. The measurements were
carried out in the LVR, as otherwise the results would be
dependent on the experimental details and not unique to the
material (Barnes et al., 1989).

Nomenclature

Dimensions in terms of mass (M), length (L) and time (T):
f frequency (1/T)
G′ storage modulus (M/LT2)
G″ loss modulus (M/LT2)
g deformation (L/L)
ge0 elastic deformation (L/L)
�γ s steady-flow shear rate (1/T)

h0 steady-flow viscosity (M/LT)
|h*| complex viscosity (M/LT)
J creep compliance (LT2/M)
Je0 equilibrium compliance (LT2/M)
l elastic relaxation time (T)
t shear stress (M/LT2).
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