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In situ rheology of Staphylococcus epidermidis bacterial
biofilms

Leonid Pavlovsky,a John G. Younger*bcd and Michael J. Solomon*ac

We developed a method to grow Staphylococcus epidermidis bacterial biofilms and characterize their

rheological properties in situ in a continuously fed bioreactor incorporated into a parallel plate

rheometer. The temperature and shear rates of growth modeled bloodstream conditions, a common

site of S. epidermidis infection. We measured the linear elastic (G0) and viscous moduli (G0 0) of the

material using small-amplitude oscillatory rheology and the yield stress using non-linear creep rheology.

We found that the elastic and viscous moduli of the S. epidermidis biofilm were 11 � 3 Pa and 1.9 �
0.5 Pa at a frequency of 1 Hz (6.283 rad per s) and that the yield stress was approximately 20 Pa. We

modeled the linear creep response of the biofilm using a Jeffreys model and found that S. epidermidis

has a characteristic relaxation time of approximately 750 seconds and a linear creep viscosity of 3000 Pa

s. The effects on the linear viscoelastic moduli of environmental stressors, such as NaCl concentration

and extremes of temperature, were also studied. We found a non-monotonic relationship between

moduli and NaCl concentrations, with the stiffest material properties found at human physiological

concentrations (135 mM). Temperature dependent rheology showed hysteresis in the moduli when

heated and cooled between 5 �C and 60 �C. Through these experiments, we demonstrated that biofilms

are rheologically complex materials that can be characterized by a combination of low modulus (�10

Pa), long relaxation time (�103 seconds), and a finite yield stress (20 Pa). This suggests that biofilms

should be viewed as soft viscoelastic solids whose properties are determined in part by local

environmental conditions. The in situ growth method introduced here can be adapted to a wide range

of biofilm systems and applied over a broad spectrum of rheological and environmental conditions

because the technique minimizes the risk of irreversible, non-linear deformation of the microbial

specimen before analysis.
Introduction

Bacterial biolms are matrix-enclosed multicellular communi-
ties of microorganisms that can colonize environmental and
man-made surfaces of ecological, industrial, and medical
signicance.1–4 In most bacterial biolms, the matrix is
comprised primarily of a bacterially synthesized extracellular
polymeric substance (EPS) that acts as a protective barrier. The
EPS improves bacterial tness through a set of mechanisms
that are thought to include resistance to the diffusion of anti-
microbial agents, promotion of intercellular communication to
induce more resilient patterns of gene expression, and revers-
ible deformation to resist fragmentation due to applied
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stresses.1,2,5,6 The EPS is composed partially of protein and DNA,
but predominantly of polysaccharides.5,7

Biolms are persistent in a variety of settings where knowl-
edge of their mechanical properties would be useful to main-
taining clean surfaces as well as preserving the efficiency and
effectiveness of the fouled components. For example, biolm
species can grow on the hulls of ships, increasing drag and
overall fuel consumption for transportation.8 Similarly, a
buildup of biolm in industrial pipelines can cause a loss of
hydrodynamic pressure, leading to increased power consump-
tion, decreased plant efficiency, as well as possible cooling
failures.9 Importantly, biolms also colonize implanted medical
devices in concentrated regions, which tend to fragment under
the shear stresses of blood and disseminate bacteria through
the bloodstream, causing infection.2

A biolm-forming species of particular interest to human
health is Staphylococcus epidermidis. S. epidermidis is a normal
member of skin ora. Commonly, this organism infects
patients by contaminating the surface of medical devices at the
time of surgical implantation or subsequently during routine
care of such devices.10 Although not generally severe,
This journal is ª The Royal Society of Chemistry 2013
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S. epidermidis infections have a mortality rate above 30% in a
population of immunocompromised patients.10,11 Much more
commonly, S. epidermidis biolm formation prompts surgical
removal and replacement of the affected implanted device, with
the associated costs and risks of that procedure.6

Many implanted devices susceptible to colonization by this
organism are positioned in the bloodstream, such as intrave-
nous and intraarterial catheters, dialysis catheters, and pros-
thetic heart valves. In this setting, S. epidermidis biolm extent
and structure reects immunological and physical interactions
with the host, including hydrodynamic forces imposed by
owing blood in particular.12 Accordingly, reducing the disease
burden associated with S. epidermidis may require better
understanding of themechanical features that allow it to persist
in the bloodstream.

Biolms must be cultivated prior to rheological character-
ization. As a result, rheological measurements typically follow
one of two paths: In the rst, a biolm is cultivated in a biore-
actor, and then physically transferred to the rheometer for
characterization. In the second, the rheological evaluation is
performed in situ, but perhaps limited or non-standard tech-
niques are used. Examples in literature of the former include
samples scraped off of their growth environment by Shaw et al.,
and samples grown on suspended rheometer plates connected
to a drive sha and then moved to the analytical device by
Towler et al. An example of the latter includes observations of
biolms grown on a microuidic device by Hohne et al.1,13,14

Other biolm rheology studies have been reviewed by Wilking
et al.15

Evidence for divergent results from these two approaches
can be found in the broad range of values for the linear elastic
modulus that have been reported in the literature for S. epi-
dermidis biolms, which include those of Di Stefano et al.
(0.5 kPa), Jones et al. (0.5–15 kPa), Hohne et al. (3.2 kPa), and
Aggarwal et al. (0.1–8.0 kPa).13,16–19 There is little doubt that
biolm mechanics are dependent on the conditions under
which they develop.20 It appears that the challenges posed by
evaluating biolms in situ in current rheometric xtures have
produced considerable uncertainty in biolm mechanical
properties reported in the literature. Experimental measure-
ments that address the challenge of in situ growth and evalua-
tion can support the development of theoretical models for
biolm mechanics that are grounded in polysaccharide and
polymer rheology. They can furthermore be applied to evaluate
hypotheses about the interaction of biolms with the hydro-
dynamic stresses generated in the circulatory system.

Here we address the need for an in situ rheological charac-
terization method for cultured biolms. The method uses a
chamber for in situ growth of biolms under the xture of a
standard rheometer. Aer an initial phase of growth, the bio-
lm is fused to the rheometer xture, thereby allowing rheo-
logical characterization of the bacterial biolms. This method,
here applied to the particular case of S. epidermidis biolms,
transforms a parallel plate rheometer into a continuously fed
bacterial bioreactor, thereby allowing the in situ rheological
characterization to proceed. By doing so, we were able to
sequentially grow biolms under dened shear forces and then
This journal is ª The Royal Society of Chemistry 2013
perform small-amplitude oscillatory rheology and non-linear
creep rheology, without disrupting the test material from its
original site of growth. With this method, we report the char-
acterization of the viscoelastic properties of S. epidermidis bio-
lms. We explore the impact on mechanical behavior of a well-
knownmetabolic stressor, osmotic stress, which is generated by
growth under high salt conditions. Additionally, we observe the
behavior of biolm mechanical properties under a range of
temperatures and nd behavior that reveals that complex
rheology of these multiphase materials.
Methods and materials
Staphylococcus epidermidis

S. epidermidis of strain RP62A, a biolm-forming clinical isolate
was obtained from American Type Culture Collection (culture
35984) and grown in tryptic soy broth (TSB; Fluka Scientic)
media supplemented with 1%D-(+)-glucose (Sigma Life Science,
86 mM NaCl, viscosity 0.88 Pa s at 37 �C). For experiments
probing the osmotic stress induced by sodium chloride, media
were enriched to 135 mM NaCl – which is reective of human
blood stream salinity, or 770 mM NaCl – the conventional high-
stress condition used in the literature.21,22 As the rheometer
bioreactor is an open system and therefore prone to contami-
nation, cycloheximide (90 mg mL�1; Fluka Scientic) and kana-
mycin (50 mg mL�1; Sigma-Aldrich) were used as an antifungal
and general antibacterial, respectively.23,24 The impact of both
was conrmed in preliminary experiments in which S. epi-
dermidis was cultured on tryptic soy agar plates in which each
compoundhadbeendosed.Neitherhadanydiscernible effect on
S. epidermidis growth by a count of colony-forming units.
Rheometry

A mechanical rheometer (TA Instruments AR-G2) was used to
create a controlled-shear rate environment during growth and
characterization of the biolm. The geometry used was a 40 mm
stainless steel parallel plate. We conducted growth and testing
while the geometry was submerged in media at gap heights
between 250 mm and 1 mm. The lower limit was chosen because
it was the minimal gap height for instrument sensitivity, as
determined through independent testing on aqueous solutions
of poly(ethylene oxide). This conguration was made possible
by the use of an immersion ring attached to the bottom Peltier
plate of the rheometer, which acted to keep the parallel plate
geometry submerged in TSB media (Fig. 1). The novelty of this
approach is that it allows the biolm to grow under the
rheometer xture as the media is slowly convected over the
growth area while, simultaneously, the level is controlled.

To sterilize the apparatus prior to experiments, we lled the
immersion bath with ethanol, and allowed it to disinfect for
approximately 30 minutes. Additionally, we used a custom-
made plastic cover to reduce the opportunity for airborne
contamination of the open reactor. Variable-ow peristaltic
pumps (Fisher Scientic) were used to constantly replenish the
media in a chemostat conguration at a rate of approximately
0.5 mL min�1 with a total ll volume of approximately 30 mL,
Soft Matter, 2013, 9, 122–131 | 123
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Fig. 1 (a) Cross-sectional schematic of continuously fed rheometer bacterial bioreactor where (i) is the growthmedia inlet, (ii) is the outlet, (iii) is the rheometer fixture,
(iv) is the Peltier plate for temperature control, (v) is the immersion ring, (vi) is the cover, and (vii) is the liquid growth media, which is maintained at a fixed level by the
outlet suction. (b) Overhead view of the open rheometer bioreactor. (c) Close-up view of the rheometer geometry of the bioreactor with Staphylococcus epidermidis
biofilms grown, post-analysis.
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giving a media turnover rate of approximately 1 h�1. Aer
reaching ll volume, we inoculated the media within the
immersion ring with 2 mL of the initial S. epidermidis culture by
pipette.

The experimental protocol is divided into three phases:
growth, attachment, and rheological characterization. All pha-
ses of the experiments were conducted at 37 �C unless otherwise
noted.

1 GROWTH. During the growth phase, the rheometer
parallel plate was positioned at a gap of 1.0 mm. Within the
human circulatory system, which is a common contamination
site for such biolms, the shear rate can be in excess of 100 s�1

and the shear stress is in the range of 0.076–0.76 Pa.21,25

Therefore, we rotate the plate to generate an initial shear stress
of 0.1 Pa, which corresponds to a shear rate of 113.6 s�1. This
shear rate is held xed during the growth phase. Biochemical
assessment of the reactor in the opening hours of the growth
phase conrmed a transition from aerobic to micro-aerobic
growth as oxygen and glucose consumption fell to steady-state
values within 7 hours. Altogether, growth was allowed to
continue for 17 hours, aer which the gap was reduced to 300
mm. This reduction in gap allowed the biolm cultured on the
base to come in contact with the upper plate. This timescale for
growth was chosen due to the constraints of the organism and
our interests in analysis, and could be varied to suit differences
in organism and environment. At the conclusion of the growth
phase, the biolm has covered the rheometer Peltier plate
completely, but has yet to connect to the upper plate.
124 | Soft Matter, 2013, 9, 122–131
2 ATTACHMENT. The attachment phase was a 7-hour period
of linear oscillation of the geometry that allowed the biolm to
fuse from the rheometer Peltier plate to the upper plate. We
accomplished this by reducing the parallel plate gap height to
300 mm and oscillating the plate at a strain of 0.016 for 7 hours.
An oscillatory study at various gap heights was conducted to
determine the maximum allowable gap height. The oscillatory
strain of 0.016 was chosen such that it was within the linear
viscoelastic regime of the biolm to avoid altering the material
before testing. We chose the 7-hour period because it provided
for sufficient growth of the biolm, as was discussed in the
previous section.

We established a criterion to systematically determine
whether a sample had attached to both the top and bottom of
the parallel plate rheometer xture, and thus was a good
candidate for further rheological testing. During attachment,
the linear elastic and viscous moduli, G0 and G0 0, respectively,
were measured over time. Only biolms whose moduli reached
steady-state by the end of the 7-hour period were judged to have
attached. The rate for successful attachment was approximately
70%. Examples of the time-dependent elastic modulus for
attached and unattached biolms are shown in Fig. 2; dis-
tinguishing between the two cases was straightforward because
of the large rheological differences between the two states.

In addition to the attachment criterion, we performed three
other studies to evaluate the quality of the rheological
measurements on the biolm. First, we evaluated the overall
biolm coverage. We removed the geometry xture aer
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) Accepted and (b) rejected attachment phase. Measured over 7 hours at 300 mm and a strain of 0.016 directly after the initial growth period. The moduli in
the accepted experiment have reached equilibrium while the rejected experiment has not. Examples of one experiment of each case are shown.
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rheological measurements were completed, stained the bacte-
rial cells with Gram crystal violet (Becton, Dickinson and
Company), and rinsed off the excess. In all attached samples,
biolm coverage was equal to or greater than 95% of the
analytical surface area of the geometry. Second, we stained and
imaged biolm sampled from a number of regions of the
rheometer with confocal laser scanning microscopy (CLSM) as
per the methods of Hohne et al. and Dzul et al.13,26 These images
showed that the biolms displayed a uniform microscopic
morphology over the testing surface. Representative images of
the Gram staining and confocal microscopy are reported in
Fig. 3. Third, we evaluated the effect of parallel plate diameter
on the rheology. In this testing, we applied the same growth and
attachment procedures for a 60 mm parallel plate geometry. For
the case of no added NaCl, the measured G0 and G0 0 did not
show a signicant difference between tests conducted with a 40
mm and 60 mm; measurements at all frequencies were within
one standard deviation. This result demonstrates geometry
independence of the material properties of the tested biolms.
A nal issue was the selection between parallel plate xtures
and the cone and plate geometry for measurements. We opted
for the former because of the nonhomogeneous nature of the
biolms, the need to assess the effect of multiple gap heights
and pre- and post-compression testing, and because of the
performance of temperature dependence rheology.

3 RHEOLOGICAL CHARACTERIZATION

a) Small-amplitude oscillatory rheology. Aer the attachment
phase, we determined the linear viscoelasticity of the biolm by
small-amplitude oscillatory deformation over the frequency
range of 0.005–10 Hz (0.0314–62.83 rad per s) and strain
amplitude of 0.13 (approximately 10% of the maximum strain
within the linear viscoelastic limit). The measurements were
conducted at gap heights of 300 and 250 mm, under compres-
sion and tension. The variation in gap was used to check for
hysteresis in gap height.
This journal is ª The Royal Society of Chemistry 2013
b) Creep rheology. We measured the creep compliance,
J(t, so), of a number of specimens to extend the regime of linear
rheological characterization to long times (low frequencies) and
to determine the non-linear rheological response of the
biolms, including their yield stress. These tests were per-
formed immediately aer the small-amplitude oscillatory
rheology measurements. The experiments were conducted for
duration of 20 minutes. The measurements were performed at
the following applied stresses: 0.1 Pa, 0.2 Pa, 0.5 Pa, 1.0 Pa, and
then up to 100 Pa in increments of 5 Pa.

c) Temperature dependent rheology. The effect of tempera-
ture on the linear viscoelasticity of the biolms was studied by
means of small-amplitude oscillatory rheology. Initial tests on
attached biolms were conducted at 37 �C. Then, the specimen
temperature was decreased to 5 �C and linear viscoelasticity
measured. This procedure was repeated at temperatures from
5 �C to 60 �C in increments of 5 �C. To evaluate hysteresis,
measurements were then performed from 60 �C to 10 �C, with
temperature decreased in increments of 5 �C. Temperature
changes were rapidly induced by the Peltier component of the
rheometer.
Sensitivity analysis of small-amplitude rheology

We found that bacterial biolms displayed greater specimen-to-
specimen variability in their rheology than synthetic materials,
such as polymer melts or colloidal suspensions. To address this
variability, we performed statistical analyses standard in the
biological sciences to evaluate for differences in rheology
between different biolm growth conditions. To examine the
impact of such experimental conditions on the G0-frequency
and G00-frequency relationships, a linear mixed effects regres-
sion approach was used as implemented in the lme function in
the statistical package R 2.13.2. Frequency, NaCl concentration,
the gap height, and whether measurements were taken before
Soft Matter, 2013, 9, 122–131 | 125
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Fig. 3 (a) Base of rheometer immediately after draining media and lifting the parallel plate. (b) 40 mm diameter parallel plate stained with Gram crystal violet
depicting full coverage of biofilm. (c and d) CLSM images of various areas of the biofilm after rheological testing, showing similar morphology throughout.
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or aer a compressive strain were considered as xed effects.
Individual biolms were considered as a random effect. For
analysis of G0, modeling was performed with log transforms of
G0 and angular frequency. For G0 0, similar modeling was per-
formed but included also polynomial tting of the G0 0-frequency
curve. Between-model comparisons were performed using
anova.lme in the same package.
Results and discussion
Small-amplitude oscillatory rheology of S. epidermidis

Small-amplitude oscillatory rheology was used to determine the
frequency dependence of the elastic and viscous moduli of
S. epidermidis biolms (Fig. 4). The elastic modulus, G0, was
approximately 10 Pa and exhibited a power-law increase at
increasing angular frequency while the viscous modulus, G00,
was on the order of 1 Pa and deviated from power-law behavior
at increasing angular frequency. For comparison, so living
tissues have the following elastic moduli: swine brain (260–490
Pa), human liver (640 Pa), human breast tumor (4 kPa), rat
126 | Soft Matter, 2013, 9, 122–131
skeletal muscle (100 kPa), and bovine cartilage (950 kPa).27–31 As
G0 is greater than G0 0 at all frequencies studied, the material is
elastic and solid-like. Unfortunately, due to the small frequency
range, and the lack of applicability of time–temperature
superposition (as discussed in a later section), this technique
does not reveal much about the material rheology other than
conrming that biolms are so, viscoelastic materials. The
non-linear rheological characterization by creep will provide a
better indication of the mechanical properties of the biolm.
We can, however, conclude from the linear rheology that the
longest viscoelastic relaxation time of the biolm must be
greater than �102 seconds because no terminal region was
observed within the frequency range of the measurements. This
conclusion is consistent with the ndings of Shaw et al. for the
case of S. aureus, Pseudomonas aeruginosa, and natural pond
biolms.1

More specically, theS. epidermidis elastic and viscousmoduli
resemble those of so glassy materials at frequencies above the
onset of the plateau region and at temperatures below the glass
transition.32 At that point, the elastic modulus exhibits the same
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Elastic and viscous moduli of S. epidermidis biofilms grown in TSB with 86
mM NaCl. This data includes 6 replicates, with each comprised of an average
modulus of the experiments conducted at 300 and 250 mm under both
compression and tension. Error bars represent the standard error of the mean.

Fig. 5 Creep of S. epidermidis grown in TSB with 86 mM NaCl. A constant stress
was applied at t¼ 0 and thematerial compliance measured over 20minutes. Data
shown from 1 experiment for purposes of clarity.
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power-law increase as that of the biolm while the viscous
modulus exhibits a greater rate of increase aer passing a local
minimum. Other so glassy materials with analogous properties
include jammed emulsions, colloidal glasses and colloidal
gels.33–35

However, as compared to previous ndings, the moduli from
the small-amplitude rheology of S. epidermidis are at least an
order of magnitude less than previously reported for S. epi-
dermidis biolms.13,16–19 A possible origin of this large variability
could be the sensitivity of biolm elasticity to measurement
strategies and environmental conditions. For example,
measurements conducted under shear deformation instead of
tensile deformation can result in properties for gels and pastes
that vary by a factor of 50.36 Moreover, the in situ growth protocol
could also play a role: By providing a continuous source of
nutrients and uids, as is present in the natural environment of
S. epidermidis, mechanical properties potentially avoid a regime
of extremely high moduli more commonly seen in a dry-growth
environment. (Recall that biolms themselves are �80% water,
so properties could be very sensitive to degree of hydration37)
Additionally, in this work, by removing the need to transport the
biolm, we avoid the risk of altering or compacting it. Such a
transport step could lead to a collapse of the microstructure of
water channels known to exist in biolms, and thereby increase
the overall concentration of cells and polymer per volume of the
biolm and with it, the modulus.38,39

Creep compliance of S. epidermidis

To study the non-linear rheology of the S. epidermidis biolms,
the creep compliance of the biolm was measured as a function
of time (Fig. 5). A number of interesting features of the creep
compliance are apparent from this measurement.
This journal is ª The Royal Society of Chemistry 2013
First, at low applied stress, there is a region of linear visco-
elastic behavior. The compliance displayed a nearly instanta-
neous step response followed by a plateau region and then a
small, progressive increase in compliance at long times. These
observations are consistent with the behavior of a viscoelastic
solid with long-term creep.

Second, a transition from solid- to liquid-like behavior is
evident in the graph at 15 Pa of applied stress. At the interme-
diate stress of 15 Pa, there is an upturn aer the instantaneous
step response, which illustrates a transition from solid-like
deformation to viscous-like ow in the material.

Third, at applied stresses above 15 Pa, the creep compliance
increased linearly as a function of time, as is characteristic of a
viscous liquid with a viscosity of approximately 8.3 mPa s.

The behavior in Fig. 5 is consistent with a so glassy rheo-
logical response for the biolm, as has been reported for gels,
pastes and nanocomposites.40–42 The solid regime is character-
ized by a nite compliance being achieved at relatively low
applied stresses, followed by very slow creep indicative of a very
high viscosity. Upon greater applied stresses, this critical
deformation is surpassed and the material ows like a liquid.
The transition is consistent with a yield stress for the biolm.41

Although this value varies from sample to sample, Fig. 5 illus-
trates the characteristic trend that was observed. This generic
behavior has previously been reported in gels of polymers and
pastes of particle suspensions.40 The average yield stress of the 3
samples was approximately 20 Pa.

Additionally, we characterized the creep compliance
response through modeling. In previous work, Towler et al. t a
linear viscoelastic Burgers model for the creep-stress
relaxation spectrum of a mixed culture of biolms.14 We t the
S. epidermidis biolms with three different viscoelastic solid
models to capture the linear behavior of the material prior to
yielding: the Burgers model, the Kelvin–Voigt model, and the
Soft Matter, 2013, 9, 122–131 | 127
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Table 1 Viscoelastic Kelvin–Voigt and Jeffreys models and their corresponding mathematical equations composed of springs (G1), dashpots (h1 and h2), and inertial
terms (I) that were used to capture the linear creep behavior of S. epidermidis. The values of the parameters determined to be a good fit by visual inspection are listed.
The models were adapted from Ewoldt and McKinley, and Baravian and Quemada (ref. 43 and 44)a

Kelvin–Voigt Jeffreys

Jðt; soÞ ¼ 1

G1

�
1� e�At

�
cosðutÞ þ A

u
sinðutÞ

��
Jðt; soÞ ¼ t

h2
� Bþ e�At

�
B cosðutÞ þ A

u

�
B� 1

h2A

�
sinðutÞ

�

A ¼ h1b

2I u ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G1b

I
� A2

r
A ¼ G1 þ h1h2b=I

2ðh1 þ h2Þ
B ¼ h1 þ h2

G1h2

�
2AI

h2b
� 1

�
u ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G1b

I

h2

ðh1 þ h2Þ
� A2

s

G1 ¼ 5.2 Pa h1 ¼ 0.095 Pa s G1 ¼ 4.0 Pa h1 ¼ 0.095 Pa s h2 ¼ 3000 Pa s

a I ¼ Iinstrument + Igeometry, b (cone and plate) ¼ 2pR3/(3tan q), b (parallel plate) ¼ pR4/(2h).
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Jeffreys model.14,43–45 In order to capture the short-time behavior
and creep ringing seen in our experiments, an inertial term was
required for each model. This inertial term represents the
inertia of the mobile part of the apparatus, which in our case is
the rheometer spindle and the parallel plate geometry.44 We
found that the additional complexity in the Burgers model of a
nite jump to compliance was not needed, therefore we only
modeled the linear creep data with the Kelvin–Voigt and Jeffreys
models. These models and their respective equations can be
seen in Table 1.

Both the Kelvin–Voigt and the Jeffreys models incorporate a
short-time viscosity (h1), an elastic modulus (G1), and an inertial
term (I). The difference between these models lies in the
Fig. 6 Linear region of creep of S. epidermidis (stress of 0.1–1 Pa) fit with Kelvin–
Voigt and Jeffreys models. The error bars are standard error of the mean.

128 | Soft Matter, 2013, 9, 122–131
addition of a linear creep viscosity (h2) in the Jeffreys model. The
reported t parameters (h1, h2, and G1) for bothmodels generate
a good agreement between the models and the data, as is
apparent by inspection of Fig. 6. As seen in that gure, the lack
of a linear creep viscosity term in the Kelvin–Voigt model does
not allow it to capture the long-time behavior of the material;
thus the Jeffreys model is preferred for modeling the linear
viscoelasticity of the S. epidermidis biolms.

Thus, the Jeffreys model successfully predicts the creep
response of the S. epidermidis biolm in all of previously
described regions. In optimizing the Jeffreys model, we noticed
that the h1 term accounts for the magnitude of the creep
ringing, the h2 term dictates the long-term creep viscosity, and
the G1 term is responsible for the overall magnitude of the
compliance. The viscous terms were found to be approximately
0.095 Pa s and 3000 Pa s for h1 and h2, respectively. This is
particularly interesting when compared to the viscosity of 8.3
mPa s aer the biolm yields. The comparison shows how
signicantly the material is affected by the imposed stress and
how viscous the material is at long times. The modulus was
found to be approximately 4 Pa. The relaxation times of the
biolm are approximately 750 seconds, and were calculated as
follows: l1 ¼ (h1 + h2)/G1 and l2 ¼ h2/G1. This is consistent with
the relaxation time spectrum found by Shaw et al. (350–2600
seconds) for a variety of naturally occurring biolms.1 Addi-
tionally, our relaxation time was much greater than that found
by Hohne et al. (13.8 seconds) in compression.13

Effects of osmotic stress on the rheological properties

Elevated osmotic pressure of growth media is a known bacterial
metabolic stressor that prompts a number of defensive changes
by S. epidermidis, including increased export of EPS-related
This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 Effect of [NaCl] on the elastic and viscous modulus of S. epidermidis
biofilms. Error bars were plotted as the standard error of the mean, which
includes 6 replicates of the physiological condition, 5 replicates of the no-salt-
added condition, and 3 replicates of the high salt condition.

Table 3 Statistical analysis of the effect of [NaCl], gap height, and deformation
history on the moduli of S. epidermidis biofilma

Elastic modulus

Feature Fold change in G0 P value

[NaCl] 135 mM vs. 86 mM 2.2 (1.4, 3.4) 0.105
[NaCl] 770 mM vs. 86 mM 0.1 (0.1, 0.2) 0.002
Gap 250 mm vs. 300 mm 0.9 (0.8, 0.9) 0.036
Tension vs. compression 1.2 (1.1, 1.2) 0.023
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polysaccharides.46,47 To probe the effects of osmotic stress on
biolm mechanical properties, the biolms were grown in
media of three different NaCl concentrations: 86 mM, 135 mM
and 770 mM. By conducting small-amplitude oscillatory
rheology, we determined that the concentration of NaCl affects
the biolm material properties. This is summarized in Fig. 7.
The values of the moduli at a frequency of 1 Hz (6.283 rad per s)
are displayed in Table 2 with the respective standard error of the
mean.

At a frequency of 1 Hz, (selected for attention because of its
biologically relevance as the fundamental frequency of human
circulation) the biolms grown with 86 mM NaCl had storage
and loss moduli of 11.1 Pa and 1.9 Pa, respectively. However,
high salt concentrations resulted in biolms with signicantly
lower moduli, 1.2 Pa and 0.3 Pa for the elastic and viscous
modulus, while human physiological salt conditions (corre-
sponding to 135 mM in the gure and table) exhibited the
highest moduli, 26.3 Pa and 5.2 Pa for the viscous modulus,
respectively. Hence, there is a non-monotonic relationship
between the magnitude of the moduli and the concentration of
salt in the media.

We believe this trend can be explained by a combination of
effects. The initial increase of moduli from the base condition
to the human physiological condition may be due to increased
Table 2 Effect of [NaCl] on moduli of S. epidermidis biofilm at 1 Hz. Values
extracted from points in Fig. 7

86 mM 135 mM 770 mM

G0 11.1 � 3.0 Pa 26.3 � 9.1 Pa 1.2 � 0.5 Pa
G0 0 1.9 � 0.5 Pa 5.2 � 1.8 Pa 0.3 � 0.1 Pa

This journal is ª The Royal Society of Chemistry 2013
amounts of EPS, as salt is known to up-regulate genes respon-
sible for EPS production.46,47 This up-regulation would suggest
that with higher salt concentrations, EPS concentrations
continue to increase or level off aer reaching a maximum rate
of production. However, this effect cannot be the only one
observed, because the moduli for the highest salt condition are
signicantly lower than the other conditions. Therefore, we
suggest that aer a certain concentration of salt is exceeded, an
additional effect dominates.48 One possible effect would be the
screening of intermolecular Coulombic interactions that leads
to destabilization of the biolm matrix.49 For example, sodium
cation and chloride anion concentrations can disrupt interac-
tions between the negatively charged S. epidermidis cells and the
positively charged polymers, potentially causing them to
dissociate or otherwise alter their conguration, thereby
making the biolm less elastic.

In order to ensure that our results were statistically signi-
cant and showed denitive changes between conditions, we
conducted statistical analysis. We used mixed effects linear
regression to determine if there was a relation between the
values of the moduli to the various factors including: frequency,
NaCl concentration, gap height, and whether measurements
were done under tension or compression. The results are
summarized in Table 3. Consistent with the prior discussion,
the analysis suggested strong statistical associations between
the modulus and the NaCl concentration (non-monotonic, with
the highest values seen at concentrations mimicking human
blood). Moreover, the analysis also found a statistically signi-
cance correlation of G0 and G0 0 with gap height (higher modulus
at lower gap height), and deformation history (higher modulus
aer compression) of the sample. The dependence on gap
height and deformation history may be a signature that the
biolm experiences some irreversible change upon compres-
sion. Such irreversibility would be consistent with the behavior
seen in creep testing, such as the yielding transition. This result
would indicate that both the degree of pre-compression of the
Viscous modulus

Feature Fold change in G0 0 P value

[NaCl] 135 mM vs. 86 mM 2.5 (1.6, 3.8) 0.051
[NaCl] 770 mM vs. 86 mM 0.1 (0.1, 0.2) 0.002
Gap 250 mm vs. 300 mm 0.7 (0.7, 0.7) <10�4

Tension vs. compression 1.0 (1.0, 1.0) 0.102

a Estimate (estimate �SE, estimate +SE).

Soft Matter, 2013, 9, 122–131 | 129
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Fig. 8 Effect of temperature on the elastic and viscous moduli of S. epidermidis
biofilms at a constant frequency of 1 Hz. Points were extracted from experiments
conducted over a frequency range of 0.005–10 Hz. Order of experimentation was
37 �C, then 5 �C to 60 �C increasing at increments of 5, followed by decreasing
from 60 �C to 10 �C in increments of 5. Data shown from 1 experiment for
purposes of clarity.
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biolm, as well as the imposed pre-shear stress should be
considered (and reported) when determining the mechanical
properties of bacterial biolms.
Temperature dependence of the rheological properties

To determine the effects of temperature on the linear rheolog-
ical properties, we conducted small-amplitude oscillatory
rheology at temperatures ranging from 5 �C to 60 �C. Here,
temperature was increased and then decreased while the
moduli were measured on a frequency range of 0.005–10 Hz. A
number of conclusions can be drawn from the temperature
dependence of the biolm rheology.

First, the results show that time–temperature superposition
is not valid for this material. The results are not consistent with
the validity of time–temperature superposition in this material
because the modulus does not display a monotonic dependence
on temperature. Thus, measurements at a certain temperature
and frequency cannot be uniquely shied to match measure-
ments at a lower temperature and frequency (data not shown).
Consequently, the frequency range of the Fig. 4 viscoelastic
moduli cannot be extended by means of this method.

Second, although time–temperature superposition is not
valid, the results do display a very interesting hysteresis of the
viscoelastic moduli with temperature. This effect is clearly
apparent when plotted in Fig. 8 for both G0 and G0 0. Here, the
elastic and viscous moduli were plotted at the constant
frequency of 1 Hz and plotted as function of temperature. The
biolm rheology is a strong function of temperature. The
moduli reach a local maximum at around 45 �C and then drop
when the temperature is increased further toward 60 �C. More
importantly, the modulus does not return to its previous
130 | Soft Matter, 2013, 9, 122–131
condition upon cooling. This behavior shows that the environ-
ment it was previously exposed to affects the biolm and its
mechanical properties. We believe that the hysteresis can be
due to the denaturing of linking molecules within the biolm
matrix at higher temperatures, thereby breaking EPS–cell
associations or associations within the EPS itself. Rupture of
these associations would act to reduce the modulus of the
biolm. An example of linking molecules would be denaturable
proteins. These structures denature at higher temperatures and
cannot return to their original shape aer being cooled back
down. Hence, themodulus would be irreversibly decreased aer
the biolm undergoes a heating cycle.
Conclusion

We applied a range of rheological methods to interrogate S.
epidermidis biolms submerged in media. By adapting the
rheometer to house a continuous-ow bioreactor, we elimi-
nated the need to transport the biolm from the growth envi-
ronment and gained the ability to perform in situ rheology. This
allowed us to study small-amplitude oscillatory rheology and
creep rheology on materials that were previously inaccessible
due to the fact that they had to be deformed or grown in non-
physiological conditions. Using this method, we determined
that S. epidermidis biolms are so, viscoelastic solids under
linear deformation, but yield and show rheology that is similar
to so glassy materials and pastes upon non-linear deforma-
tion. The linear creep compliance was well modeled by the
Jeffreys model because it incorporates a creep viscosity at long
times. Additionally, we found that the biolms display a non-
monotonic trend upon an increase in osmotic stress and
undergo hysteresis under changing temperatures. We believe
that the critical temperature responsible for the onset of
hysteresis should be examined further because this hysteresis
may reveal features of temperature-dependent physical chem-
ical interactions of the biolm cells and matrix. The method
reported in this paper can be simply adapted for other species
and environmental conditions, thereby allowing in situ study
that will lead to a more complete characterization of the rheo-
logical properties of these complex biomaterials.
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