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Abstract

Biofilms are surface-associated conglomerates of bacteria that are highly resistant to antibiotics. 

These bacterial communities can cause chronic infections in humans by colonizing, for example, 

medical implants, heart valves, or lungs. Staphylococcus aureus, a notorious human pathogen, 

causes some of the most common biofilm-related infections. Despite the clinical importance of S. 

aureus biofilms, it remains mostly unknown how physical effects, in particular flow, and surface 

structure influence biofilm dynamics. Here we use model microfluidic systems to investigate how 

environmental factors, such as surface geometry, surface chemistry, and fluid flow affect biofilm 

development in S. aureus. We discovered that S. aureus rapidly forms flow-induced, filamentous 

biofilm streamers, and furthermore if surfaces are coated with human blood plasma, streamers 

appear within minutes and clog the channels more rapidly than if the channels are uncoated. To 

understand how biofilm streamer filaments reorient in flows with curved streamlines to bridge the 

distances between corners, we developed a mathematical model based on resistive force theory of 

slender filaments. Understanding physical aspects of biofilm formation in S. aureus may lead to 

new approaches for interrupting biofilm formation of this pathogen.

1. Introduction

Staphylococcus aureus is a human pathogen notorious for causing hospital-acquired 

infections as well as fatal infections that occur outside of health care settings (1-3). 

Methicillin-resistant S. aureus (MRSA), in particular, is a major concern due to its potent 

virulence coupled with resistance to many antibiotics (4-6). MRSA is the most widespread 

cause of hospital-associated infections in the United States and Europe with a high mortality 

rate (7-10). S. aureus and MRSA cause a variety of infections ranging from minor skin and 

soft tissue infections to serious illnesses such as infections of indwelling medical devices, 

osteomyelitis, endocarditis, sepsis, and toxic shock syndrome (11).
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S. aureus infections that are associated with abiotic materials, such as intravenous catheters 

and implants, are of primary concern because S. aureus colonizes such medical devices and 

forms biofilms (12-17). Biofilms are surface-associated three-dimensional conglomerates of 

bacteria that are enclosed by self-produced extracellular polymeric substances (EPS) 

(18-20). Once biofilms have developed, their removal is challenging because, compared to 

planktonic organisms, cells in biofilms display enhanced resistance to antimicrobial 

treatments and host immune defenses (21-28). Consequently, biofilms are often responsible 

for chronic infections (29), leading to high morbidity and significant healthcare costs (30, 

31). Although biofilm-associated infections have spurred intense research efforts to 

understand biofilm formation by S. aureus (32-34), how physical aspects of the 

microenvironments of medical devices impinge on biofilm dynamics remain poorly 

understood.

The microenvironment affecting biofilm formation on indwelling medical devices can be 

characterized by complex local geometries, mechanical shear forces due to flows, the local 

chemical milieu and surface chemistry. Typically, inserted medical devices that come into 

contact with human blood are coated immediately with blood plasma proteins. Plasma 

proteins are readily adsorbed on abiotic surfaces (35, 36), and thus, they generate a unique 

local surface chemistry. Previous studies show that S. aureus attachment to surfaces is 

enhanced by adsorbed blood plasma proteins, such as the matrix proteins fibrinogen and 

fibronectin (37, 38). S. aureus cell surfaces are decorated with components that recognize 

adhesive matrix proteins and mediate binding to the molecules. These components include 

fibronectin-binding proteins A and B (FnBpA and FnBpB) and clumping factors A and B 

(ClfA and ClfB) (39). However, it is unclear how these components function under realistic 

physical conditions that include fluid motion, the associated flow regimes and surface 

geometries. For example, previous studies of the role of these components in S. aureus 

biofilms primarily considered biofilm development on smooth surfaces with no flow or 

constant flow of nutrient-containing medium across the biofilm (40-42). Recent reports have 

demonstrated that, in the presence of flow and complex surface geometries, biofilms of a 

bacterial pathogen, Pseudomonas aeruginosa, deform into flexible three-dimensional 

filaments, known as “streamers” (43-45), which connect the gaps between corners (46, 47), 

causing clogging in flow systems (48). Whether and how rapidly S. aureus can form biofilm 

streamers and how factors related to surface chemistry affect S. aureus biofilms are 

unknown.

To study S. aureus biofilm formation in physical environments that mimic in vivo 

conditions, we used model microfluidic systems that include curvy channels, as well as 

networks of multiple channels. The wall shear stresses that we used range from ∼0.02 Pa to 

∼1 Pa, which are comparable to physiological wall shear stresses present in capillaries, 

venules, or catheters (between 0.02 Pa to 4 Pa) (49, 50). We examined several types of S. 

aureus strains, which differed in their quorum sensing system. For S. aureus, the quorum 

sensing system is also known as the accessory gene regulator (agr) system that regulates 

biofilm development and the expression of virulence factors (51-53). Natural isolates of S. 

aureus can be grouped into four different agr classes, which correlate with different types of 

infection (54, 55). We generated a realistic surface chemistry in our model microfluidic 
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channels by coating the channels with human blood plasma. We discovered that the blood 

plasma triggered especially rapid cell attachment to the channels, resulting in the formation 

of biofilm streamers within minutes. The streamers led to clogging dynamics that are 

considerably more rapid than for other bacteria, such as P. aeruginosa (48). To understand 

how streamers initiate and bridge the gaps between corners, we modeled elastic filaments in 

flows with curved streamlines, and qualitatively compare this model with our experiments.

2. Results and Discussions

2.1. Rapid biofilm streamer formation of S. aureus

In microfluidic channels containing corners and flow (figure 1a), all four agr groups of S. 

aureus strains that we examined rapidly form biofilm streamers (figure 1b and Supplement 

figure 1), with slight differences in morphology. However, for the detailed experiments on 

biofilm streamer initiation and clogging that are described below, we restrict ourselves to 

study only one representative strain, S. aureus RN6734, which possesses the agr I system.

To visualize the morphology of the biofilm streamers, we stained the S. aureus cells with a 

fluorescent dye. This method revealed a three-dimensional structure suspended between the 

corners of the channel (figure 1b). High-resolution confocal images of these streamers show 

that they initially consist of porous networks that, over time, become more rigid and less 

porous.

S. aureus initiates biofilm streamers in a similar manner to P. aeruginosa (48, 56) but, under 

equivalent conditions, does so more rapidly. S. aureus biofilms initially form on the walls of 

the channel (figure 2a), and are subsequently deformed by flow into thicker clusters on the 

corners of the channel (figure 2b). Finally, due to flow, small filaments are pulled out from 

these clusters. We visualized the entire time sequence as the filaments elongate and attach to 

the channel walls of the closest downstream corner to form a biofilm bridge between 

adjacent corners (figure 2c). At this stage, streamers are thin (< 10 μm), flexible, and they 

vibrate in the flow. While the streamers remain flexible, they occasionally detach and 

reattach elsewhere downstream (figure 2d) (57, 58). It is also apparent that the filamentous 

biofilms form independently at different corners. After biofilm-corner-to-corner-bridge 

formation occurs, the width of the streamer increases due to accumulation of EPS and/or 

trapping of cells that flow past. As the streamers thicken, they also appear to become more 

rigid as we observe that they cease to vibrate in the flow (figure 2e).

In these models of physiological systems, flow is the major contributor to the shape of the 

biofilm structures, whereas bacterial motility is less significant since non-motile 

staphylococci exhibit a similar biofilm structure to that of their motile Gram-negative 

counterparts (48). This feature suggests that streamer formation may not depend on bacterial 

motility as flow itself can transport cells or biomass to the streamer site (48, 59). We 

conclude that, in this context, flow plays a major role in actively shaping the three-

dimensional structure of the biofilms (46, 48, 50, 60-64), in addition to affecting nutrient 

gradients and social behaviors in biofilms (65-68). By contrast, in environments lacking 

flow, motility seems to be important for accumulation of cells near surfaces and subsequent 

biofilm formation (69-71).
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2.2. Blood plasma coating expedites biofilm streamer formation and clogging of the 
channel

To examine the effect of realistic surface chemistry on S. aureus biofilm formation in our 

microfluidic channels with complex geometries, we coated the channels with human blood 

plasma (72). In static conditions, S. aureus biofilm formation is absent, or strongly reduced, 

when the surfaces are not coated with human blood plasma (73, 74). However, in our 

microfluidic flow channels, S. aureus biofilms also form in the absence of blood plasma 

surface coating. Nonetheless, biofilm formation is strongly affected by the surface coating in 

our system. Indeed, after initiation of flow in microfluidic channels that were coated with 

human plasma proteins, streamers robustly bridge the distance between corners at all 36 

bends of our microfluidic channel within a few minutes, following rapid attachment of cells 

to the surface. By contrast, in the absence of blood plasma surface coating, it takes several 

hours to form streamers between all the bends in our channel. After streamer formation 

between the bends of the channel, rapid biomass accumulation of streamers occurs in a way 

that is independent of the size of the channels (figure 3). Furthermore, detachment of 

streamers from the surface occurs less frequently in the blood-plasma-coated channel, 

indicating that the cells were more strongly attached to the blood-plasma-coated chambers 

than to the non-coated chambers. Enhanced surface-attachment is consistent with previous 

reports of binding of bacterial membrane-associated proteins to immobilized blood plasma 

proteins (38). In addition, the presence of blood plasma may also induce changes in S. 

aureus gene expression that promote attachment or EPS production to further accelerate 

biofilm streamer formation. In summary, S. aureus biofilm streamers initiate via a rapid 

mechanism that relies on binding of S. aureus cells to immobilized blood plasma proteins on 

the walls of the channels. For P. aeruginosa, not only the initial surface-attachment of a few 

cells is important, but also cell-growth and division is required for the cells to form 

confluent surface-attached biofilms over tens of hours. Thus, in the case of P. aeruginosa, 

the process takes tens of hours (48). By contrast, the time scale for S. aureus biofilm 

streamer initiation is not sufficient for substantial cell growth, particularly when the surfaces 

are coated with human blood plasma (figure 3a), which indicates that cell growth is not 

essential for S. aureus streamer formation.

Expansion of biofilm streamers increases the hydrodynamic resistance of the channel, which 

ultimately leads to clogging of the microfluidic device, if the pressure difference that drives 

the flow remains constant. To investigate clogging dynamics caused by S. aureus biofilms, 

we applied a constant pressure difference across the microfluidic system containing channels 

coated with blood plasma (figure 4a), which drives a constant flow rate Q0 prior to the 

clogging transition. We measured the clogging time, T, at which the flow rate was reduced 

to Q0/2 (figure 4b; Materials and Methods). In addition, we measured the duration of the 

clogging transition, τ, which we defined as the time at which the flow rate decreases from 

75% to 25% of Q0 (figure 4b; Materials and Methods). We found that T and τ are 

approximately independent of flow rates, flow speed, shear stress, and channel sizes, for the 

flow rates we investigated (figure 4c and 4d). However, increasing the bacterial cell density 

that flows through the channel from OD600∼0.05 to OD600∼0.2 (OD600 is the optical 

density at 600 nm, which is a common measure of cell density in suspensions) significantly 

reduced both the clogging time and the clogging transition duration (figure 4e and 4f), yet 
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increasing the cell density further had no strong effects on T and τ. As the onset of the 

clogging transition is highly correlated with the formation of biofilm streamers, and the 

clogging duration is highly correlated with the streamer expansion, figure 4e and 4f reveal 

that streamer initiation and expansion have a strong dependence on cell density at low cell 

densities, and a weak dependence on cell density at high cell densities. The effect of cell 

density in initiation and clogging is consistent with the interpretation that biofilm streamers 

initiate by blood-plasma-protein-mediated attachment of cells to the wall. In addition, 

increased production of surface-attachment-mediating proteins by S. aureus during the 

exponential growth phase should also increase the probability of attachment to surfaces and 

consequently stimulate biofilm formation (75-77), ultimately leading to more rapid 

clogging.

2.3. S. aureus streamers form in complex geometries

We demonstrate that S. aureus biofilm streamers are ubiquitous in complex geometries 

(figure 5). In particular, we found that biofilm streamers develop rapidly following 

inoculation and they span the gaps in a complex, branched channel. This example indicates 

that biofilm streamers might be universal in porous media in environmental and medical 

environments (48, 78-80), where they could cause rapid clogging.

2.4. Modeling biofilm streamers as hinged or clamped flexible filaments in curved flow

To understand how biofilm streamers that are bound on one corner can attach to the adjacent 

downstream corner, we examined the deformation of streamers in the flow as the streamers 

grow longer. The streamer stems from the left corner, growing in length with a reorientation 

in the clockwise direction towards the right corner (figure 6a-i). The curved shapes of the 

streamer filaments show that they are highly flexible. Once a biofilm bridge has formed 

between two corners, the biofilm bridge expands in radius and becomes straighter (figure 

6a-ii) likely due to a reduction in flexibility of thicker biofilm bridges.

To characterize this system mathematically, we consider an idealized model flow problem 

capturing some essential features of the current scenario, based on a flexible filament that is 

anchored at one end and expands in length in the presence of curved streamlines. Arguably 

the simplest flow with curved streamlines is the steady rigid body rotation flow with 

velocity ν⃗ in the clockwise direction ν⃗ = γ˙(yêx − xêy), where γ˙ is the rotation rate. This flow 

results in circular streamlines, as shown in figure 6b. We model the biofilm streamer as a 

flexible slender filament of radius r, length L, and bending stiffness B. The position vector 

of the filament is denoted as x⃗(s, t) = x(s, t)êx + y(s, t)êy, where s ∈ [0, L] is the arc length. 

One end of the filament is tethered at the position x⃗0 = L0êx, a distance L0 from the origin, 

where this geometry is motivated by a streamer tethered at the surface of the experimental 

channel.

To model the dynamics of the filament, we exploit the slenderness of the streamer and use 

resistive force theory (81-83) to characterize the viscous force per unit length f⃗viscous on the 

streamer
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(1)

where ζ‖ = 2πμ/log(L/r) and ζ⊥ = 2ζ‖ are the drag coefficients for a slender filament moving, 

respectively, parallel and perpendicular to its axis. We denote derivatives on x ⃗ with respect 

to arclength s or time t with subscripts. The streamer flexibility is described by the Euler-

Bernoulli beam theory (84), which gives rise to an elastic force per unit length

(2)

where B = EI is the constant bending stiffness of the filament, i.e. the product of the Young's 

modulus E and the area moment of inertia I, and T(s, t) can be interpreted as the tension 

along the streamer to enforce its inextensibility. The force balance f⃗viscous + f⃗elastic = 0⃗ 

results in an elastohydrodynamic equation governing the deformation of a flexible streamer 

with position vector x⃗(s, t) in the rotating flow (see Materials and Methods for details).

A dimensionless parameter for comparing viscous and elastic forces is given by ηL = ζ⊥ 

U0L3/B, where the background flow U0 scales with the distance from the origin as U0 ∼ 

γ˙L0. A larger value of ηL represents effectively a more flexible filament. The dimensionless 

parameter can be rewritten as ηL = (L/L0)3η, where  is independent of the 

filament length L. Here we consider a fixed distance from the origin L0 (hence a fixed η), 

and we vary the effective flexibility ηL by changing the dimensionless filament length L/L0, 

so that the effective flexibility increases with filament length. To understand how the 

clockwise reorientation of the streamer occurs, we consider filaments that are hinged and 

those that are clamped at the tethering location. Hinged filaments are free to rotate at the 

tethering location, whereas clamped filaments have a fixed tangent at the tethering location.

For a vertically clamped filament (figure 6c), flexibility is essential for reorientation, since 

the filament would be vertical if it were completely rigid (η = 0). For flexible filaments (η > 

0), increasing the dimensionless filament length L/L0 leads to higher effective flexibility ηL, 

which allows the filament to bend more in the clockwise direction. Filaments that are more 

flexible (η = 100, solid lines in figure 6c) can deform more strongly in flow than less 

flexible filaments (η = 1, dotted lines).

For a hinged filament, the physical picture is quite different from the clamped filaments 

(figure 6d), in spite of the apparent similarity of the filament shape in the two cases. We 

again consider flexible filaments (η = 100) with increasing length L/L0 (solid lines). 

However, for hinged filaments, flexibility does not play an essential role in the clockwise 

reorientation. Relatively rigid filaments (η = 1, dotted lines) turn more towards the 

clockwise direction than very flexible filaments (η = 100, solid lines). It is also found that 

the filament adopts similar shapes for large values of η. Unlike a clamped tether, a hinge 

cannot support any torques, and the filament is therefore free to rotate at the tethered end. 

The reorientation mechanism in the hinged case is primarily due to the change of filament 

length, which alters the torque balance at the hinge. In the case of completely rigid hinged 
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rods (η = 0) in the simple rotating flow considered here, we can derive an analytical formula 

for the steady-state tangent vector of the straight filament

(3)

which was obtained by a torque balance about the hinge. Eq. 3 illustrates that increasing the 

filament length L/L0 reorients the filaments in the clockwise direction, as a consequence of 

the altered torque balance. The limit L/L0 = 3/2 corresponds to a rigid rod oriented 

horizontally in the rotating flow, and any further increase in L/L0 does not support a steady-

state configuration so that the rod rotates about the hinge.

Biofilm streamers are likely to behave more like hinged filaments than clamped filaments, 

because there are no geometric constraints that prevent the streamers from freely rotating at 

the tether. This model predicts that, as biofilm streamers become longer, their orientation 

changes towards the clockwise direction (figure 6a-i and figure 6d). We also note that the 

model also predicts that as hinged filaments become less flexible, the stiffening induces 

further clockwise reorientation (figure 6a-ii and compare black solid and dotted lines in 

figure 6d for a streamer with the same length L/L0 but different flexibility η). By contrast, if 

the streamer is clamped at one end, the stiffening streamer should reorient in the counter-

clockwise direction.

Our mathematical model can also be used to estimate the tension in the biofilm streamer, 

which is important for determining under which conditions streamers become dislodged. For 

vertically clamped filaments, the tension varies non-monotonically along the filament with 

maxima present near the tethered end (figure 6e). The location of the maximum tension is at 

the point at which the filament will break if it cannot withstand the tension. By contrast, 

tension decreases monotonically along hinged filaments, and the maxima always occur at 

the hinged end (figure 6f). Experimentally, we also observe that biofilm streamers become 

dislodged close to the tethering location.

In this section we illustrated how flexibility and tethering conditions of biofilm filaments 

affect their orientation in the curved flow fields with a simple rotating flow. Although the 

model captures the fundamental feature of curved streamlines, quantitative comparisons 

with the experiments are, however, beyond the reach of the current work because the 

background flow employed in the model is a highly idealized rotating flow, compared with 

the actual flow in the microfluidic channel. The idealized flow model here is intended to 

uncover qualitatively interesting physical features associated with curved streamlines. In 

future work, we will consider more realistic flow models and explore the idea of estimating 

the elasticity of biofilm streamers based on their deformed shape in more realistic flows.

3. Conclusion

We used model microfluidic systems to investigate how environmental factors, such as 

surface geometry, surface chemistry, and fluid flow affect biofilm formation of S. aureus. 

We discovered that S. aureus forms flow-induced, filamentous biofilm streamers in curvy 

channels of different sizes more rapidly than P. aeruginosa. When surfaces were coated with 
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human blood plasma, streamers appeared within minutes and grew to clog the channels on a 

rapid timescale. We found that S. aureus biofilm streamers also formed in different flow 

geometries, which led us to hypothesize that S. aureus biofilm streamers are ubiquitous in 

natural, and possibly infectious, environments. Using mathematical modeling, we showed 

how flexibility and tethering conditions of biofilm filaments affect their orientation in the 

flow fields with curved streamlines. Whether species other than P. aeruginosa and S. aureus 

form biofilm streamers, and which rheological features of the biofilm matrix are required for 

streamer formation are open questions that we are currently pursuing. Studying biofilm 

dynamics in environments that mimic physical and chemical conditions of natural habitats, 

such as inserted medical devices, holds the potential for identifying new biofilm structures, 

and perhaps such studies will reveal novel methods to prevent biofilm-related diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix: Materials and Methods

Bacterial strains and culture conditions

All Staphylococcus aureus strains used in this study were generous gifts from Dr. Tom W. 

Muir's group (Princeton University), and were originally obtained from Dr. Richard 

Novick's group (New York University). S. aureus RN6734 is the standard agr group I 

laboratory strain (55). S. aureus RN6607 was isolated from a healthy human, and it 

represents agr group II (55, 85). S. aureus RN8465 is the agr group III prototype, also 

known as menstrual toxic shock syndrome strain (86, 87). S. aureus RN4850 is the agr IV 

prototype, and it was isolated from a patient with scalded skin syndrome (55, 88). All S. 

aureus strains were grown overnight in tryptic soy broth (TSB) supplemented with 0.5% 

glucose and 3% NaCl at 32 °C. Overnight cultures of S. aureus were back-diluted 1:100 in 

TSB, and grown to early or mid-exponential phase at 37 °C with shaking.

Microfluidic experiments and microscopy

Microfluidic channels were prepared from polydimethylsiloxane (PDMS, Sylgard 184, Dow 

Corning) using conventional soft lithography techniques. Each channel was sealed to a glass 

microscope slide (75 × 50 × 1.0 mm, Corning) after air plasma treatment (Harrick Scientific, 

NY). The microfluidic devices consist of a single channel containing many corners and have 

a square cross-section. We used three different channels with different cross-sections, which 

had side lengths of 100 μm, 150 μm or 200 μm (figures 1, 2,3 4, and 6). Microfluidic devices 

consisting of a network of channels were 1600 μm wide and 30 μm high (figure 5). Some 
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channels were coated with human blood plasma, according to the following procedure: 

Human blood plasma was purchased from Biological Specialty Corporation, PA, and was 

diluted with H2O to a 20% human blood plasma solution, which was flown into the 

microfluidic channels. These channels were then stored in a humid environment at 4 °C for 

24 hours prior to bacterial inoculation (72) to ensure that the channels stay wetted. Bacterial 

cultures were introduced to the channels using either a constant flow driven by a syringe 

pump (Harvard Apparatus, MA) (figure 1a), or a constant pressure (details are provided 

below). Images of the biofilms were acquired using a Nikon Ti-Eclipse microscope under 

epifluorescence illumination and a CCD camera (iXon, Andor), or using phase contrast 

illumination on a Leica DM IRB microscope. Images were analyzed and processed using 

Matlab (Mathworks).

Flow driven by a constant pressure

When bacterial cultures were introduced into microfluidic channels at constant pressure, 100 

mL of S. aureus culture was used to fill a reservoir connected via Tygon tubing (inner 

diameter 2.4 mm) and Luer connectors (Cole-Parmer) into an inlet of a microfluidic channel 

(figure 4a). The outlet was also connected to Tygon tubing, and the effluent culture was 

collected in a dish placed on an analytical balance capable of weighing to 0.1 mg precision. 

The height of the culture reservoir above the effluent culture dish determined the applied 

pressure difference Δp, and therefore the flow rate through the channel.

Analysis of flow rate time series

The weight of the effluent culture was measured every 4 s on an analytical balance (GD503, 

Sartorius), controlled via Labview (National Instruments). To obtain the flow rate time 

series Q(t) from the effluent weight time series w(t), we computed

(4)

where the density was assumed to be the density of water, 1 g/mL. The time to clogging, T, 

and the duration of the clogging transition, τ, were calculated by fitting the function 

 to the measured flow rate Q(t), where Q0 is the flow rate prior to the 

clogging transition. The time τ is therefore defined as the time period in which the fitted 

flow rate decreases from 75% to 25% of Q0, while T is the time at which the fitted flow rate 

is 0.5Q0 (48).

Staining of biofilms in situ

To visualize the three-dimensional structures of streamers, we fluorescently stained the 

biofilms produced by S. aureus (figure 1b). For this assay, we very carefully and slowly 

removed the tubing carrying the bacterial culture from the inlet of the microfluidic channel 

after a streamer had formed. We then connected a syringe containing 5 μM SYTO 9 stain 

(Invitrogen) in phosphate buffered saline to the channel inlet, and flowed this solution 
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through the channel to stain nucleic acids. To avoid the formation of bubbles in the 

channels, the liquid in the tubing that contains the staining solution has to make contact with 

the liquid in the channel before slowly pushing the tubing all the way into the channel inlet. 

The staining solution was flowed through the channel slowly to avoid disrupting the 

structure of the streamer.

Elastohydrodynamic model for the biofilm streamer

Using the resistive force theory described in the main text (81-83), the viscous force per unit 

length is given by

(5)

where ζ⊥ = 2ζ‖, x⃗ is the position vector, x⃗s is the unit tangent vector, x⃗t is the local filament 

velocity, and ν⃗ is the background flow velocity. The elastic force per unit length is modeled 

by the Euler-Bernoulli beam theory as

(6)

where T(s) is a Lagrange multiplier enforcing inextensibility of the filament; it may be 

interpreted as the tension along the filament. A force balance f⃗viscous + f⃗elastic = 0⃗ leads to the 

elastohydrodynamic equation

(7)

which can be inverted to obtain the equation governing the evolution of the filament shape x⃗

(s, t)

(8)

We normalize lengths by L0, velocities by γ˙L0, time by 1/γ˙, and tension by , 

resulting in the following dimensionless equation

(9)

where the stars represent dimensionless variables, , s* ∈ [0, L*], and L* = L/L0. 

We omit the stars hereafter for simplicity and refer only to dimensionless variables unless 

otherwise stated.

The inextensibility condition prevents any local stretching, requiring x⃗s · x⃗s = 1 for all time, 

which implies ∂(x⃗s·x⃗s)/∂t = 0 ⇒ x⃗ st · x⃗s = 0. An equation for tension T(s) can be obtained 

from the elastohydrodynamic equation [Eq. (9)] with the aid of this inextensibility condition 

as follows:
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(10)

where the following identities (obtained by repeated differentiation of the identity x⃗s · x⃗s = 1) 

have been used for simplification: xs⃗ · x⃗ss = 0, x⃗s · x⃗sss = −x⃗ss · x⃗ss, x⃗s · x⃗ssss = −3x⃗ssx⃗sss, and 

x⃗sx⃗ssss = −4x⃗ss · x⃗ssss − 3x⃗sss · x⃗sss. The coupled equations [Equations (9) and (10)] can be 

solved numerically using the method outlined in Tornberg and Shelley (89), when 

appropriate boundary conditions are supplied.

For a vertically clamped filament, the dimensionless boundary conditions at the tethered end 

are given by x⃗(s = 0, t) = −êx, x⃗s(s = 0, t) = êy. At the free end, we have the force-free and 

torque-free conditions x⃗sss(s = L, t) = 0⃗ and x⃗ss(s = L, t) = 0⃗, respectively. For a hinged 

filament, in place of the geometrical constraint on the slope x⃗s(s = 0, t) = êy in the clamped 

case, we have the torque free condition x⃗ss(s = 0, t) = 0⃗ at the tethered end, and all other 

boundary conditions remain identical. Note that the steady-state filament shape is 

independent of the initial condition.

The boundary conditions of the tension equation are identical for both the clamped and 

hinged cases. At the free end, we simply require the tension to vanish T(s = L) = 0. The 

boundary condition for tension at the tethered end is less discussed in the literature and 

requires more consideration. We obtain the boundary condition by taking the inner product 

of the local tangent vector at the tethered end x⃗s(s = 0, t) with the elastohydrodynamic 

equation (Equation (9)) evaluated at the tethered end, where x⃗t(s = 0, t) = 0. This treatment 

leads to the following boundary condition for the tension equation at the tethered end:

(11)
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Figure 1. 
The human pathogen S. aureus forms biofilm streamers. (a) Schematic drawing of the 

experimental apparatus, where the flow through the channel (cross section of 200 μm × 200 

μm) was driven by a syringe pump, which was set to a flow rate of 1.5 ± 0.05 μL/min. (b) S. 

aureus biofilms were visualized with a green fluorescent nucleic acid stain (SYTO 9, 

Invitrogen), and a confocal microscope was used to obtain three-dimensional images of S. 

aureus agr group I (strain RN6734). The suspension we flowed through the channel was at a 

cell density that corresponds to OD600=1.2. The edges of the microfluidic channel are 

indicated with purple lines. The inset illustrates that the biofilm streamer is a porous 

filamentous structure. The diameter of the streamer network is ∼100 μm in this image. The 

image in the inset was taken with the focal plane perpendicular to the vertical z-axis, and in 

the middle of the channel, which is 100 μm from the bottom of the channel. The scale bar 

represents 200 μm.
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Figure 2. 
Initiation of the S. aureus biofilm streamer and its rapid expansion. The displayed images 

are representative snapshots from a movie, acquired at 30 fps using bright field illumination. 

The images were taken at a focal plane that is perpendicular to gravity and in the middle of 

the channel, which is 100 μm from the bottom of the channel. (a) Initial image of the 

channel, which is coated with human blood plasma proteins. (b) A thin streamer originates 

from the corner on which surface-attached biomass has accumulated. (c) A streamer has 

bridged the gap between adjacent corners. At this stage, the streamer is flexible and vibrates 

in the flow. (d) Occasionally streamers become dislodged and they can reattach elsewhere 

downstream. (e) Stable streamers have formed on all corners and accumulated additional 

biomass, making them less flexible. The suspension we flowed through the channel was at a 

cell density that corresponds to OD600=1.2. The scale bar represents 200 μm.
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Figure 3. 
with human blood plasma affects S. aureus biofilm streamer formation. (a) We measured the 

time, T1/2, until biofilm streamers have grown in situ to occupy half of the channel width at 

a fixed flow rate of 1.5 ± 0.05 μL/min and at a fixed bacterial cell concentration (optical 

density at 600 nm = 0.46 ± 0.05). We used three different channels with square cross-

sections of different side lengths: 100 μm, 150 μm and 200 μm. Coating the microfluidic 

channels with human plasma prior to bacterial inoculation leads to rapid accumulation of 

biomass compared with non-coated channels, independent of the size of the channels. The 

error bars indicate the range of values from three independent replicates. (b) A typical image 

used to measure the biofilm thickness.
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Figure 4. 
Dynamics of biofilm-induced clogging for S. aureus under constant pressure drop flow 

conditions. (a) Schematic drawing of the experimental apparatus: early or mid exponential 

phase S. aureus cells are loaded into a reservoir. Using wide-bore tubing, this reservoir is 

connected to the microfluidic channel. The effluent collection dish is placed on an analytical 

balance. The height difference, Δh, between the reservoir suspension and the effluent 

collection dish is proportional to the applied pressure difference. (b) The weight of the 

effluent suspension as a function of time is converted into the flow rate, Q0, as a function of 

time using Eq. (8). Using this flow rate measurement, the time to clogging, T, and the 

duration of the clogging transition, t, were measured for each channel. (c, d) T and τ for 

different flow rates, shear stress, flow speeds and different channel sizes. All channels had a 

square cross-section, with a width and height equal to d = 100 μm, 150 μm, or 200 μm. 

Shear stress and flow speed were calculated as μwater × Q0/d3 and Q0/d2 where μwater is the 

viscosity of water (∼0.001 Pa·s). T and τ appear to be independent of channel size, flow 

rate, shear stress, and flow speeds for the flow rates we investigated. The suspension we 

flowed through the channel in these experiments was at a cell density that corresponds to 

OD600= 0.06 ± 0.01. (e, f) T and τ depend strongly on the bacterial cell concentration of the 

suspension flowed through the channel.
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Figure 5. 
Time series of S. aureus biofilm streamer development in a branched network channel 

coated with human plasma proteins. Images were acquired at 20 frames per hour using phase 

contrast microscopy. The scale bar represents 500 μm.
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Figure 6. 
(a) Image of a biofilm streamer during initial formation in a microfluidic channel where a 

bacterial cell concentration corresponding to OD600=0.5 was flowed through the channel by 

a syringe pump, which was set to a flow rate of 1.5 ± 0.05 μL/min. The red arrows indicate 

the flow direction: (i) The streamer grows in length and reorients in the clockwise direction 

towards the right corner of the channel. (ii) The streamer straightens as it becomes thicker. 

The scale bar represents 100 μm. (b) Schematic diagram of a model flow problem for a 

streamer of length L at a distance L0 from the origin in a flow with circular streamlines due 

to clockwise rigid body rotation. Two tethering conditions (vertically clamped and hinged 

filaments) are considered. (c, d) Steady-state shapes of vertically clamped filaments (c) and 

hinged filaments (d) of different lengths and flexibility (as indicated in the figure). The solid 

and dotted lines represent results for relatively rigid (η = 1) and flexible (η = 100) filaments, 

Kim et al. Page 21

New J Phys. Author manuscript; available in PMC 2015 June 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



respectively. Colored lines correspond to filaments of dimensionless lengths L* = L/L0 0.8 

(blue), L* = 1.0 (red), L* = 1.2 (green), and L* = 1.4 (black). The shapes are shown in terms 

of dimensionless coordinates x* = x/L0 and y* = y/L0. (e, f) Vertically clamped filaments and 

hinged filaments of dimensionless steady-state tension profiles (EQUATION), as a function 

of the dimensionless arc length s* = s/L along the flexible (η = 100) filaments. Colored lines 

correspond to different dimensionless lengths: L* = L/L0 = 0.8 (blue), L* = 1.0 (red), L* = 

1.2 (green), and L* = 1.4 (black).
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