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Biofilms of various Pseudomonas aeruginosa strains were grown in glass flow cells under laminar and turbulent
flows. By relating the physical deformation of biofilms to variations in fluid shear, we found that the biofilms were
viscoelastic fluids which behaved like elastic solids over periods of a few seconds but like linear viscous fluids over
longer times. These data can be explained using concepts of associated polymeric systems, suggesting that the
extracellular polymeric slime matrix determines the cohesive strength. Biofilms grown under high shear tended to
form filamentous streamers while those grown under low shear formed an isotropic pattern of mound-shaped
microcolonies. In some cases, sustained creep and necking in response to elevated shear resulted in a time-
dependent fracture failure of the ‘‘tail’’ of the streamer from the attached upstream ‘‘head.’’ In addition to structural
differences, our data suggest that biofilms grown under higher shear were more strongly attached and were
cohesively stronger than those grown under lower shears.
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Introduction

Microbial biofilms accumulate on virtually all submerged surfaces

in industrial and natural environments. The bacterial cells in the

biofilm are typically surrounded by a protective extracellular

polymeric slime (EPS) matrix that also provides the biofilm with

mechanical stability [6]. In industrial pipelines, biofilms can cause

accelerated corrosion of steel surfaces, increased pressure drops,

and product contamination and spoilage. Detachment of cells from

biofilms in food production facilities and drinking water systems

may result in the potential transmission of pathogens via

contaminated food [32], drinking water [21], or aerosols [30].

In medical devices, such as dental unit water lines [22] or

ventilators [8 ], the growth and subsequent detachment of bacteria

from biofilms have the potential to increase the risk of pathogen

exposure to patients. Further, the mode of biofilm detachment will

determine how an infection or contamination is disseminated and

the success to which it is controlled. In flowing systems,

interactions between the water ( the bulk fluid ) and attached

biofilms will depend on the hydrodynamics and the mechanical

properties of the biofilm. Although a moving fluid will create a drag

force on biofilm structures, which protrude into the bulk fluid, the

usual assumption is that the shear force created as the fluid flows

over a surface is the principle physical force acting on the biofilm.

To understand, predict, and manipulate how a biofilm will behave

in response to fluid shear, it is necessary to know something about

the mechanical properties of biofilms. This is particularly important

in optimizing mechanical techniques for removing biofilms from

surfaces, a desirable goal for many industries.

Very little is known about the material properties of biofilms or

how they are influenced by the growth environment. This is due to

two main reasons. First, only a few groups have recognized the

importance and implications of viewing biofilms as materials;

second, biofilms are very difficult to test mechanically. Unlike

conventional materials like solids, which can be molded into

uniform test pieces, or fluids, for which defined volumes can be

poured between rheometer plates, biofilms are nonuniform, micro-

scopically small, and attached to surfaces. Testing of scraped

biofilm will inevitably disrupt the sample. When testing any

material, it is important to use procedures that are relevant to the

physical environment in which the material is to be exposed. While

rheometer testing of scraped biofilm suspensions has provided

useful fundamental data [18], for biofilms growing in flowing

systems, it is appropriate to test under fluid shear.

We have designed an in vitro flow cell model for growing

biofilms under a wide range of controlled hydrodynamic conditions

and have used digital time lapse microscopic (DTLM) imaging to

observe and quantify biofilm deformation in response to fluid shear

[24,26]. Using these techniques, we were able to conduct tests

analogous to stress–strain and creep tests on attached biofilms.

These studies demonstrated that various mixed and pure culture

aerobic and anaerobic biofilms had a complex rheology, which was

dependent on the fluid shear at which the biofilm was grown and

changes in the ionic environment. Koerstgens et al [14] found

similar results for biofilms tested under normal compressive

stresses [5,6]. These experimental data have been modeled using

the principle of associated polymeric systems [15,23] in which

biofilms were described as viscoelastic Jeffreys fluids, interpreted

in terms of the various chemical and physical interactions between

the matrix polymers [12]. The viscous component to this model

allows us to interrogate time-dependent deformation in response to

shear over different scales.
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In this paper, we discuss some of the methods that we have used

to investigate the influence of shear on biofilm detachment and

deformation and relate the mechanical properties of biofilms to

mechanisms of adhesive and cohesive failure. Although the data

presented are drawn from experiments conducted on various strains

of Pseudomonas aeruginosa, the purpose of the present study is to

demonstrate various biofilm responses to shear rather than directly

compare differences or similarities between strains.

Materials and methods

Biofilm reactor system
Biofilms were grown in square glass flow cells (3 mm wide, 3 mm

deep, and 200 mm long; BST-3-50; Friedrich and Dimmock,

Millville, NJ), which were incorporated into a recirculating loop

fed from a mixing vessel (Figure 1). The various components were

connected by silicone rubber tubing. Nutrients were delivered by

peristaltic pump (Masterflex; Cole Parmer, Niles, IL) and the

recycle flow rate was controlled with a vane head pump (Master-

flex; Cole Parmer ). The nutrient influent flow rate was set at

4.3 ml /min to give a resulting dilution rate (D=1.5 h�1 ) above

washout to minimize the planktonically growing population and

favor biofilm growth. The highest maximum specific growth rate

for all of the strains used in this study was 0.70 h�1 (doubling time

of 1 h) from 24 separate shake flask growth curves with a minimum

of at least three runs for each strain. A septum-sealed sampling port

was positioned between two flow breaks in the effluent line. The

flow cells were positioned on the stage of either an upright

Olympus BH2 microscope or an inverted Zeiss Axiovert 100

microscope without interrupting flow.

Flow cell hydrodynamics
The average flow velocity (u ) through each flow cell was measured

using in - line flow meters (McMillan Flo-Sensor model 101T #

3724; Cole Parmer ). The Reynolds number (Re ) in the flow cells

and the fluid shear stress at the wall (�w) for laminar and turbulent

flows were calculated using the flow velocity and flow cell

geometry and described in detail elsewhere [27]. The transition

between laminar and turbulent flow occurred at a Reynolds number

(Re ) of 1200 (u=0.33 m/s). Biofilms were grown at a range of

flow rates from Re of 8 (ug=0.002 m/s, �wg=0.03 N/m2) up to

3600 (ug=1 m/s, �wg=5.09 N/m2). The hydrodynamic conditions

during biofilm growth are denoted by subscript g, i.e., Reg and �wg.
Under operating conditions, the water temperature in the reactor

system was maintained at either 28 or 378C. Appropriate temper-

ature corrections were made for calculation of hydrodynamic

parameters.

Reactor sterilization
Most of the reactor system and nutrients were autoclave-sterilized.

Heat - sensitive components were sterilized using a method adapted

from Fisher and Petrini [5 ] by exposing to 70% ethanol for 15 min,

40% NaOCl solution (approximately 12% available chlorine when

undiluted) for 15 min, and again to 70% ethanol for 15 min. To

verify sterility, three 0.1 -ml aliquot effluent samples were plated

onto King’s B agar after the flow system had been run with sterile

media for 3 days prior to inoculation.

Inocula and nutrients
Biofilms were grown from various P. aeruginosa strains. Strains

and growth media are given in Table 1. After inoculation into the

mixing chamber, the system was run as a batch culture with

recirculating flow for 24 h before switching to continuous culture

mode with nutrient feed and overflow. Biofilms were grown for up

to 14 days.

Image analysis
A COHU 4612-5000 CCD camera (COHU, San Diego, CA) and a

Scion VG-5 PCI framestore board (Scion, Frederick, MD) were

used to capture time lapse and ‘‘snapshot’’ images. Image pro-

cessing and analysis was done using Scion Image ( free download

available from www.scioncorp.com/ index.htm). A 1-mm grati-

cule with 10-�m divisions (Ref. no. CS990; Graticules, Tonbridge,

Kent, UK) was used for calibration. In addition to direct ob-

servation, biofilms were also stained with the activity stain 5-

cyano-2,3 -ditolyl tetrazolium chloride (CTC) (0.02% wt /vol

final concentration) for 30 min at 308C [31]. Biofilms were

observed using epifluorescence with an excitation wavelength of

400–500 nm and a 590-nm barrier filter.

Scanning electron microscopy (SEM)
SEM was performed on P. aeruginosa PAN067 biofilms grown un-

der laminar and turbulent flow to investigate the influence of flow

on biofilm structure. One-centimeter sections of the laminar and

turbulent flow cells were fixed in a 5% glutaraldehyde cacodylate

buffer (0.1M) solution for 10min at room temperature. The samples

were then dehydrated in a 30%, 50%, 70%, and 100% ethanol series

for 3 min each. The sample was then air -dried for 1 day in a

dessicator. Wall sections of the square glass tubing were cut out with

a diamond knife and mounted on a conducting coupon for sputter

coating with gold palladium. The samples were viewed on a Leica

Stereoscan 100 SEM at 10, 15, or 25 kVacceleration voltage.

Shear- induced deformation and detachment

Creep curves: After the growth period of constant fluid shear,

the biofilms were subjected to variations in shear by adjusting the
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Figure 1 Experimental system used for growing biofilms. Biofilms were
observed in square glass flow cells.
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flow rate in the flow cells. For creep tests, the �w was elevated and

then held for periods of up to 1 h before reducing back to �wg or 0.
The resulting deformation on biofilm microcolonies was quantified

by measuring the strain (" ) in the longitudinal direction. In the

present study, " is defined as the ratio of the change in length of a

microcolony (or the change in length between two fiducial points

within a microcolony) to the original length (before changing �wg ).

Stress–strain curves: These tests were similar to the creep

tests, but instead of holding the elevated �w for an extended period

of time, �w was increased ( loading) then decreased (unloading) in a

stepwise manner with step intervals of approximately 5 s. The

corresponding " was measured from the microscopic images. An

apparent shear modulus, Eapp (a measure of biofilm rigidity ), was

calculated from the linear region of the resulting stress–strain

curves. We refer to an ‘‘apparent’’ elastic modulus to distinguish

our parameter from the conventional elastic or Young’s modulus,

which is calculated from the relationship between " and a normal

compressive or tensile stress in the linear or Hookean region of the

stress–strain response. Additionally, in our system, although we

relate the deformation of biofilm to the theoretical fluid shear stress,

the actual forces acting on the biofilm are a combination of both

normal and shear forces caused by complex local flow patterns

associated with the irregular biofilm structures. Calculated para-

meter values from these tests are, therefore, approximate.

Shear- induced detachment: For the biofilm detachment,

assay flow was first turned off so that �w was 0. The �w was then

incrementally stepped up in 1-min intervals until either all of the

cells had been washed away or the maximum flow rate was

achieved (prior to the onset of leaks). Time lapse images taken at

10-s intervals were used to count the concentration of single cells

Table 1 P. aeruginosa strains and growth media

Strain Reference Relevant genotype or phenotype Growth medium

PAO1 [7] Prototrophic, nonmucoid opportunistic pathogen Minimal salts medium (MSM) with 400
ppm glucose [24]

PAO-JP1 [19 ] �lasItet, LasI null mutant derived from PAO1;
does not produce the cell signaling molecule
N - 3 -oxo -dodecanoyl homoserine lactone (OdDHL)

1 /50 Luria broth

PAN067 [10 ] Elastase -negative mutant deficient in the
production of the cell signalling molecule
N - butanoyl -L -homoserine lactone (BHL)

MSM with 400 ppm glucose [24 ]

FRD1 [17 ] Mucoid cystic fibrosis isolate MSM with sodium glutamate (13 mg/ l )

Figure 2 P. aeruginosa PANO67 biofilm grown under laminar or turbulent flow (u=0.033 and 1 m/ s, respectively ). (A) Biofilm grown under laminar flow
stained with CTC consisting of small mound- shaped microcolonies (m) and single cells. (B ) Biofilm grown in turbulent flow stained with CTC. The biofilm
developed filamentous streamers ( s ), which were elongated in the downstream direction. The microcolonies were much larger than those grown in laminar
flow but there were fewer single cells attached to the exposed substratum between the microcolonies. In both cases, flow was from left to right. (C ) SEM
showing the attached ‘‘head’’ ( h ) of the streamer and the start of the downstream tail ( t ). (D) The filamentous streamer ‘‘tail.’’ Individual cells in the tail
appeared to be aligned in the downstream direction ( arrow). Under flowing conditions, the tails were free to oscillate in the flow. Flow was from bottom left to
upper right. Scale bars=40 �m for (A) and (B) and 10 �m for (C) and (D).
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(or microcolonies ) on the surface while �w was increased. A

detachment rate coefficient (kdet ) was calculated by dividing the

number of cells that had detached during each 1-min increment by

the number of cells on the surface immediately prior to increasing

the �w.

Results

Biofilm structure
The Pseudomonas biofilms grown under laminar flow generally

consisted of hemispherical mound-shaped microcolonies, which

formed an isotropic pattern on the surface. In the channels between

the microcolonies, individual cells could be seen attached to the

glass surface (Figure 2A). The biofilm microcolonies grown in

turbulent flow, however, were elongated in the downstream

direction to form filamentous streamers (Figure 2B). The streamers

were attached to the glass substratum by an upstream ‘‘head’’ while

the downstream ‘‘tails’’ were free to oscillate in the flow.

Stress–strain curves
The stress–strain curves for all the Pseudomonas strains showed an

elastic response when subjected to elevated fluid shear over short

time scales ( in seconds). The curves generally had an initially low

shear modulus at low strains, which increased with increasing shear

stress (Figure 3). Some curves were sigmoidal, suggesting that in

these cases, a yield point had been reached (data not shown). The

shear modulus for the various biofilms varied from 1 to 280 N/m2.

Linear regression of the grouped data from all of the Pseudomonas

strains showed that Eapp increased with �wg. The empirical

formulas were Eapp=10.8�wg+7.8, r
2=0.75, n=17 for regression

of the linear data and Eapp=30.3�wg
0.58, r 2=0.87 for regression

of the log–log data [12]. A video sequence ‘‘Pseudomonas

aeruginosa FRD1 biofilm elasticity’’ showing the elastic response

to increasing and decreasing fluid shear is available at http://

www.erc.montana.edu/Res-Lib99-SW/movies/.

Creep curves
The creep curves showed that after the initial elastic strain in

response to the elevation in fluid shear, there was a linear viscous

response as the biofilm flowed over time (Figure 4A). For biofilms

grown under turbulent flow (�wg=5.3 N/m2), when the �w was

reduced to 0 N/m2 after the load period of 30 min, there was an

instant elastic recoil. A resulting negative strain indicated that at the

�wg, an inherent tension had developed in the biofilm streamer

during growth. When the shear was returned to the �wg, there was a
residual strain. The experimental creep curves presented the classic

creep response of a viscoelastic fluid. The viscosity was found from
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the biofilm gave a nonlinear elastic response when subjected to elevated
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the induced residual strain caused by the increased shear over the

load period. Data from four separate experiments gave a biofilm

viscosity of 3.6�105±2.6�105 (mean±1 SD) N s /m2. However,

in some cases, the biofilm cell cluster failed before the load period

was finished. The failure was either from detachment of the whole

cell cluster (adhesive failure ) or from the breaking off of a streamer

tail ( cohesive failure ). By monitoring the length of the streamer and

the width of the streamer at the break point, it was clear that

the biofilms underwent ‘‘necking,’’ a phenomenon seen in the

failure of many ductile materials (Figure 4B). A video sequence

‘‘Shear- induced creep and detachment of Pseudomonas aeru-

ginosa PAO1 biofilm streamer’’ is available for viewing at http://

www.erc.montana.edu/Res-Lib99-SW/movies/.

Shear- induced detachment
Detachment of single bacterial cells from the surface of 6-day-old

P. aeruginosa PAO1 biofilms grown in laminar (ug=0.03 m/s ) or

turbulent flow (ug=1.0 m/s) was monitored as u was incremen-

tally increased from 0 m/s (Figure 5). Monitoring was conducted

in spaces between cell clusters in which single cells could be

clearly distinguished to facilitate tracking the detachment process.

In the biofilm grown at u=0.03 m/s, there was no detachment

until u was increased to 1 m/s. As u was elevated, cells rapidly

detached in a fashion similar to that of a classic washout curve

(Figure 5A). For the biofilm grown at 1 m/s, there was no sig-

nificant detachment until u was increased to 2.5 m/s (Figure 5B).

However, in this case, the rate of detachment was less than for the

biofilms grown at low shear. This is illustrated in Figure 5C, which

shows the detachment rate coefficient (kdet ) as a function of

increasing u for both biofilms. As expected, the kdet increased with

flow velocity for both biofilms. For u above 2 m/s, kdet for the

biofilm grown in turbulent flow was approximately 10 times that for

the biofilm grown in laminar flow. However, it should be cautioned

that as fewer cells remain on the surface, kdet will become in-

creasingly influenced by the detachment of only a few cells over the

time increment. The detachment of whole biofilm cell clusters

showed a similar shaped detachment curve as that for single cells

(data not shown). Data grouped from previous experiments using

both pure and defined mixed and undefined mixed culture biofilms

suggest that the onset of detachment of cell clusters occurs when the

shear is increased to approximately twice that at which the biofilm

was formed. Regression analysis yielded the empirical formula:

�det=2.3�wg, r
2=0.81, n=8. A video sequence ‘‘Shear- induced

detachment of Pseudomonas aeruginosa PAO1 biofilm cells from

a glass surface’’ is available at http://www.erc.montana.edu /Res-

Lib99-SW/movies/.

Discussion

By investigating deformation and detachment of biofilm structures

caused by fluctuations in fluid shear, we have been able to

demonstrate on the microscopic scale that the attached Pseudomo-

nas biofilms behaved like viscoelastic fluids. Over short time

periods (seconds) of exposure to elevated shear, the biofilms

demonstrated a nonlinear elastic response. But over longer time

scales, they demonstrated viscous flow. In terms of response and

rigidity, the biofilms were similar to the pedal mucus of slugs [3] or

sputum from cystic fibrosis patients [11]. The viscoelastic nature of

biofilms may explain the formation of ripple structures that

developed in mixed species biofilms grown under turbulent flow.

Time lapse sequences demonstrated that the ripples flowed

downstream, along the channel walls of the flow cell [25]. The

flow of biofilms across surfaces may represent a largely unrecog-

nized dissemination mechanism in industrial pipelines and medical

devices. For example, Inglis [8 ] noted the formation of ‘‘wave- like

patterns’’ in biofilms formed in tracheal tubes and hypothesized that

the possible flow of biofilms was related to biofilm detachment and

dissemination into the lungs. Koerner [13] also noted the

‘‘infective, highly viscous and adhesive layers’’ that formed inside

endotracheal tubes and hypothesised that shear- induced detach-

ment from this layer caused by respiratory gasflow may cause

infective particles to travel into the lower airway, increasing

pathogenicity.

The present study also suggests that biofilms grown under

higher shear are more strongly adhered and have a stronger EPS

matrix than those grown under lower shear. Busscher et al [2 ]

reported that the conditions under which initial attachment occurred

determined the attachment strength of oral Streptococcus spp.

Similarly, it has been reported that biofilm density was directly

related to the fluid shear during growth [28], although work by

Peyton [20] suggests that increased density may be more related to

the increased transport of nutrients rather than shear stress.
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Figure 5 Shear- induced detachment of cells from P. aeruginosa biofilms
grown at laminar (A) or turbulent flow (B). The onset of detachment for the
biofilm grown under laminar flow (ug=0.33 m/s ) occurred at u=1 m/s but
at 2.5 m/s for the biofilm grown under turbulent flow (ug=1.0 m/s ). (C )
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assay may be a useful tool for determining the relative adhesion strength of
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However, it is clear that hydrodynamics conditions not only

influence the structure of biofilms but also the material properties.

This may be explained in terms of polymer chemistry and the

physical arrangement of individual polymer strands in the biofilm

EPS matrix [6]. It is possible that at higher shear, as the biofilm is

stretched out, the polymer strands become physically aligned and

pulled closer, allowing more chance for electrostatic interactions

and hydrogen bonding, much like the strength imparted to a rope by

the spinning together of weak individual fibers. This would explain

the ‘‘J’’ - shaped curves we observed in the stress–strain tests

Figure 3 a common phenomenon of biological materials [29]. The

formation of filamentous streamers, which form at high shear both

in the laboratory and in the natural environment such as the

filamentous prokaryotic mats found in hot springs [9] and acid

mine drainage runoff [4 ], certainly imply some type of structural

alignment. Although the physical arrangement of polymers in the

biofilm may explain differences in biofilm strength, it is also

possible that biofilms regulate their strength in response to their

physical environment. This could be through increased EPS

production as suggested by Applegate and Bryers [1] or by regu-

lating metabolic pathways in response to shear [16]. The strength

of the biofilm could also be regulated by varying the chain length of

EPS polymers or by polymer modification such as the O - acety-

lation of alginate, which influences structure in P. aeruginosa

biofilms [17]. Another possibility is that high shear environments

select for subpopulations that have higher substratum-binding

affinities and produce stronger biofilms. In this case, it is interesting

to speculate on the use of differential shear environments to select

for populations with mechanical properties that may be of industrial

relevance.

In this paper, we have discussed biofilm material properties and

how they can be related to biofilm behavior and shear- induced

detachment mechanisms through both adhesive and cohesive

failure. The development of the new field of biofilm mechanics

will not only further our understanding of the fundamental

behaviors of biofilms, particularly in flowing systems, but will

also be an important factor in linking structure to function. It will

ultimately help answer the question of whether or not biofilms are

coordinated entities that actively regulate their structure in response

to variations in their physical environment.

Nomenclature

" mechanical strain ( – )

Eapp apparent elastic modulus (N/m2)

kdet detachment rate coefficient ( s�1 )

Re Reynolds number ( – )

�w fluid shear stress at the wall (N/m2)

�det fluid shear at the onset of detachment of biofilm cell

clusters (N/m2)

�wg fluid shear stress at which the biofilm was grown (N/m2)

u average flow velocity (m/s)

u g flow velocity at which the biofilm was grown (m/s)
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